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Abstract
Sodium ion battery is considered as a potential candidate to replace lithium ion battery. To
eliminate the need for containment of the liquid electrolyte, the solid-state electrolytes attract
more attention. However, solid state electrolytes are still restricted to be applied for
commercialization because of the inherent low ionic conductivity and the poor mechanical
properties. Therefore, my Ph.D. research is focused on developing advanced solid-state
electrolytes by improving ionic conductivity and disclosing mechanisms of the electrolytes.
Firstly, a series of La substituted NASICON electrolytes are prepared to achieve high ionic
conductivity of mS/cm, and the effects of La substitution concentration are disclosed.
Secondly, Sc is successfully doped into Na3Zr2Si2PO12 to substitute Zr atoms to improve the
ionic conductivity. The dynamics and mechanism show that a redistribution of the Na ions
has effect on ionic conductivity.
In the third part, Bi is firstly discovered as a valid substitution element which can increase
the ionic conductivity of NASICON to the scale of 10-3 S/cm.
To reduce costs, a cheaper heteroatom Zn is applied as a valid substitution element which can
increase the ionic conductivity of NASICON to 10-3 S/cm. Si/P ratio change is the main
cause for conductivity improvement.
In the fifth part, a series of NASICON electrolytes with different Si/P ratio are prepared and
compared. 3:1 turns out to be an optimal Si/P ratio by ionic conductivities, structure and
mechanism studies.
In the sixth part, full batteries NaCrO2/SSE/Na are assembled for testing with NaCrO2 as the
cathodes. All NaCrO2/SSE/Na batteries deliver a relatively good reversible capacity at low
current below 3 C.

Keywords
NASICON, Solid-state electrolyte, NMR, XAS, High ionic conductivity, Diffusion
mechanisms
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Summary for Lay Audience
Given the unreliability of intermittent energy sources such as wind and solar energies,
rechargeable batteries are one of the most promising energy storage technologies for such
sustainable energies due to their reliability and high energy conversion efficiency. Although
Li ion batteries (LIBs) have been widely used in our daily life, there are increasing concerns
regarding the sustainability of lithium sources because of the limited availability and increasing
price. To address these issues, Na ion batteries (NIBs) have attracted much attention. Due to
their non-toxicity, low cost, and elemental abundance, NIBs are considered as the promising
candidate power sources in recent years.
In NIBs, conventional liquid electrolytes (LEs) still pose a risk of potential leakage and
explosions, so solid-state electrolytes (SSEs) have attracted much attention in recent research.
SSEs are regarded as an ultimate component for future NIBs that they are expected to
improve the durability and safety as well as simplify the cell design.
Among the sodium ion conducting solid state electrolytes (SSEs), NA Super-Ionic
CONductor (NASICON) with a general formula of Na1+nZr2SinP3-nO12 (1.6 ≤ n ≤ 2.4), has
attracted the most attention due to its high ionic conductivity and low thermal. Na3Zr2Si2PO12
has an ionic conductivity of 10-4 S/cm. To further improve the ionic conductivity, many
efforts have been made in past decades. The most common way is element substitution. In
this thesis, substitution of La, Sc, Bi, Zn, as well as altering Si/P in NASICON structure are
proven could increase the ionic conductivity to 10-3 S/cm. In addition, the detailed
mechanisms are revealed by studying electronic and local structure of elements and Na+
transport in the structure. An increased Si/P ratio and enhanced Na+ occupancy for
NASICON SSEs can lead to improved ionic conductivities. All NaCrO2/SSE/Na batteries
delivered a relatively good reversible capacity at low current below 3 C. Zn and Bi can react
with Na metal, leading to a lower capacity. To apply a hybrid solid-state electrolyte consisted
of NASICON and a PVdF-HFP based gel polymer electrolyte can effectively prevent the
reaction and maintain the high capacity during charge/discharge process.
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Chapter 1

1

Introduction

1.1 Sodium based solid-state electrolyte
Rechargeable batteries can be one of the most promising storage technologies for
sustainable energy with superior reliability and energy conversion efficiency. Sodium ion
batteries are considered as the most potential candidate to replace lithium ion batteries
due to their low price, non-toxicity and abundance in the earth. To eliminate the need for
containment of the liquid electrolyte in sodium batteries, improve safety and durability,
as well as simplify the cell design, the solid-state electrolytes have attracted worldwide
attention.
In past decades, a variety types of solid-state electrolytes have been developed and
studied. Traditional solid-state electrolyte includes polymer and ceramic electrolyte, such
as NASICON, Na-β”/β-Al2O3, PEO based solid electrolytes, PVdF-HFP and PMMA
based gel polymer electrolytes, also new type of solid-state electrolytes, such as sulfide
electrolyte. Each type of electrolyte has both advantage and disadvantage.

1.2 Challenges for sodium based solid-state electrolyte
Sodium based solid-state electrolytes are still restricted to be applied for
commercialization. The major challenges and issues of the solid-state electrolytes can be
summarized as follows:
i) the inherent low ionic conductivity at room temperature,
ii) the unclear mechanisms and dynamics of the enhanced electrolytes,
iii) the poor mechanical properties and interface contact with electrode.

1.3 Thesis objectives
NA Super-Ionic CONductor (NASICON) with a general formula of Na1+nZr2SinP3-nO12
(1.6 ≤ n ≤ 2.4), has attracted the most attention due to its high ionic conductivity and low
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thermal expansivity among Na-ion conducting SSEs. So NASICON was selected as a
based study electrolyte, that we improved its ionic conductivity, fully studied the
mechanisms and dynamics, and tried to develop a novel solid-state electrolyte with
improved overall properties.

1.4 Thesis organization
This thesis consists of 8 chapters (two introductory chapters, five articles, and one
conclusive chapter) and is organized according to the requirements on “Integrated
Article” form as outlined in the thesis regulation guide by the school of graduate and
postdoctoral studies (SGPS) of Western University. It includes the following parts
specifically.
Chapter 1 gives a brief introduction of sodium based solid-state electrolytes and their
challenges. Furthermore, the research objectives and the thesis organizations are also
stated.
Chapter 2 reviews the recent development of sodium based solid-state electrolytes.
Ceramic electrolyte, which followed by polymer and sulfide electrolyte is introduced in
detail.
Chapter 3 states the different solid-state electrolytes fabrication, as well as physical,
chemical structure, and electrochemical characterization techniques.
Chapter 4 discloses the effects of La substitution concentration in NASICON.
Synchrotron-based soft X-ray absorption spectroscopy (XAS) and solid-state nuclear
magnetic resonance (SS-NMR) relaxometry are applied to understand the mechanism of
the ionic conductivity enhancement.
Chapter 5 states Sc is successfully doped into Na3Zr2Si2PO12 to substitute Zr atoms to
improve the ionic conductivity. And the dynamics and mechanism of the impact of Sc
doping on NASICON have been thoroughly understood.
Chapter 6 presents that Bismuth (Bi) is firstly discovered as a valid substitution element
which could increase the ionic conductivity of NASICON to the scale of 10-3 S/cm. The
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substituted “Na3.3Zr1.7Bi0.3Si2PO12” based solid-state battery achieves a relatively high
capacity in sodium ion batteries.
Chapter 7 demonstrates Zn is applied as a valid substitution element which could increase
the ionic conductivity of NASICON to 10-3 S/cm. The dynamics and mechanism have
been thoroughly understood.
Chapter 8 explores the effect of Si/P ratio in NASICON on the ionic conductivity and
structure change. It confirms that an increased Si/P ratio and enhanced Na+ occupancy for
NASICON SSEs can lead to improved ionic conductivities. The ionic conductivities,
structure and mechanism are thoroughly studied.
Chapter 9 studies the cycling performance of NASICON SSEs based sodium ion
batteries, including all electrolytes with ionic conductivities over 10-3S/cm.
Chapter 10 summarizes the results, conclusions and contributions of the thesis work. In
addition, the author states perspective and suggestions for future developments of sodium
based solid-state electrolytes.
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Chapter 2

2

Literature review

In this chapter, a comprehensive and detailed literature review on the recent
developments of sodium based solid-state electrolytes are presented.

2.1 Introduction
The stable electricity provided by renewable energy sources requires large-scale energy
storage systems. Due to the high energy conversion efficiency and good reliability, much
of our technology including electronic devices and electric cars rely on rechargeable
batteries for energy. Although Li ion batteries (LIBs) have been widely used in our daily
life, there are increasing concerns regarding the sustainability of lithium sources because of the
limited availability and increasing price. To address these issues, Na ion batteries (NIBs)
have attracted much attention. Due to their non-toxicity, low cost, and elemental
abundance, NIBs are considered as the best candidate power sources in recent years [1-10].
Figure 2.1 and Table 2.1 show the mass fraction and basic properties of Li and Na
element [11].
The performance of sodium ion battery critically depends on the materials used, which is
challenged by two issues: to develop a stable electrode with high energy density and fast
charge kinetics, and to replace the liquid electrolyte with a safer solid-state electrolyte. In
NIBs, conventional liquid electrolytes (LEs) still pose a risk of potential leakage and
explosions, so solid-state electrolytes (SSEs) have attracted much attention in recent
research. SSEs are regarded as an ultimate component for future NIBs that they are
expected to improve the durability and safety as well as simplify the cell design. Also,
compared to LE based NIBs, all-solid-state NIBs may achieve higher energy densities by
using Na metal anode and high-voltage cathodes [12, 13].
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Figure 2.1 Mass fraction of Li and Na element [7]
Table 2.1 Basic properties of Li and Na [7]

A variety types of solid-state electrolytes have been developed and studied for decades.
Solid-state electrolytes include ceramic electrolyte, polymer-based electrolyte, and
sulfide-based solid-state electrolytes, and each type of electrolyte has both advantage and
disadvantage [14-19]. Ceramic electrolytes, such as NASICON and Na-β”/β-Al2O3 show
high ionic conductivity of at least 10-4 S/cm at room temperature (Figure 2.2), but hightemperature synthesis process and high interface impedance. Polymer electrolytes, such
as PEO based solid electrolytes exhibit poor ionic conductivity but good interface contact
and mechanical properties. Gel polymer electrolytes, such as PVdF-HFP and PMMA
based electrolytes have relatively high ionic conductivities while the mechanical property
needs to be improved, also the formation of sodium dendrite remains another big
challenge for sodium ion battery application. Sulfide-based solid-state electrolytes which
have low-temperature synthesis process, relatively high room temperature ionic
conductivity, low grain boundary resistance, as well as good contact with electrode, but
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can not be used in oxygen environment [20]. Therefore, in the past decades, many efforts
have been done to improve the overall performance for batteries application.

Figure 2.2 Temperature-dependent ionic conductivities of solid-state electrolytes for
sodium ion batteries

2.2 Ceramic electrolyte
Ceramic electrolyte includes NASICON electrolyte, Na-β”/β-Al2O3, Na(3)Bo(3)-Na2SO4
glass electrolytes, NaI-Na2O-V2O5-B2O3 and so on. Most of these electrolytes have
relatively high ionic conductivity of 10-4 S/cm, but poor mechanical properties, which are
not easy to be shaped. The high interface resistance is another problem which limit the
application of ceramic electrolyte. For ceramic electrolytes, NASICON electrolyte and
Na-β”/β-Al2O3 are discussed in detail since they have been studied for decades already.

2.2.1

NASICON

Among the sodium ion conducting solid electrolytes, NASICON (Sodium (Na) Super (S)
Ionic (I) Conductor (CON)), due to its high ionic conductivity and low thermal
expansivity, has attracted the most attentions [21-28]. The NASICON structure, with a
general formula of Na1+nZr2SinP3-nO12 (1.6 ≤ n ≤ 2.4), was first reported by Hong and
Goodenough et al. [29]. It is featured by a rigid three-dimensional network channels
comprising PO43-/SiO44- tetrahedra that share the pocket corners with ZrO6 octahedra for
Na ion diffusion. The interconnected channels in this framework provide the conduction
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pathway for Na ions (Figure 2.3). NASICONs are a class of structurally isomorphous 3D
framework compounds which possess a high conductivity, comparable to that of liquid
electrolytes. The high ionic conductivity of these NASICON materials is widely used in
making devices such as solid-state electrolytes, gas sensors, membranes, and fuel cells.

Figure 2.3 Crystal structure of NASICON
For the NASICON (Na1+nZr2SinP3-nO12, 1.6 ≤ n ≤ 2.4), there are two basic types of
structure, monoclinic Na3Zr2Si2PO12 (C2/c) and rhombohedra Na3Zr2Si2PO12 (R-3C)
depending on its compositions and ambient temperatures. For example, the stable
monoclinic phase (C2/c) of standard NASICON (i.e., Na3Zr2Si2PO12 stoichiometry) at
room temperature can transform to the rhombohedral phase (R-3C) if the temperature is
increased to around 150 oC. With the standard Na3Zr2Si2PO12 (C2/c) stoichiometry, there
are one Na1 site, two Na2 sites and one Na3 site in 1 formula unit of monoclinic crystals.
For the rhombohedra Na3Zr2Si2PO12 stoichiometry, there are one Na1 site and three Na2
sites in 1 formula unit. The sodium positions and occupancies of the NASICON phase
have effect on the ionic conductivity [30-34].

2.2.1.1 Synthesis of NASICON electrolyte
NASICON is commonly synthesized by two methods: solid state reaction and sol-gel
process. By solid state reaction, precursors materials are mixed and experience ball
milling and high-temperature sintering (>1200 oC). These high-temperature processes,
however, are well-known to produce secondary ZrO2 phases, resulting from the volatility
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of Na and P species in NASICON. As a contaminant phase, ZrO2 stands to degrade ionic
conductivity of NASICON, introduces mechanical integrity concerns related to volume
changes during the phase transformation from tetragonal to monoclinic, and is associated
with the formation of the microstructural defects that degrade the integrity and
performance of NASICON [26, 35-40].
Sol-gel synthesis, offering increased synthetic flexibility at reduced sintering
temperatures [26-28]. In the sol-gel process, usually organic Si and Zr chemicals are
hydrolyzed firstly, and be added with Na salts and P salts, following by evaporation,
calcination, and sintering process. Many factors, such as sintering temperature,
calcinating temperature, particles size, even the PH of the sol could affect the phase of
the final NASICON material. For example, PH of 3 or 4 is supposed to be the best
condition in the synthesis process. The sintering temperature could not be too high or too
low, because the NASICON phase can not formed at low temperature, and too high
temperature must facilitate the appearance of impurities. Though trace ZrO2 impurity still
exists, sol-gel synthesis is more popular nowadays.
In addition, to limit the generation of ZrO2 impurity, excess Na and P source are added in
synthesis process. Many reports have proven that excess Na and P source could reduce
the presence of ZrO2 impurity, and improve the properties of NASICON [30, 37].

Figure 2.4 XRD and Ionic conductivity of NASICON with excess Na and P source
[30, 37]
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High-temperature sintering of NASICON may promote the volatilization of Na and P
contents, also cause undesirable side reactions with battery electrode materials [41].
Therefore, decreasing the NASICON ceramic sintering temperatures is expected to be
necessary for their application. Adding low melting additive is an effective approach for
preparing solid oxide ceramic electrolytes at lower temperatures. For example, Na3BO3
was reported as an effective additive in sintering. NASICON, sintered at 700 oC with
Na3BO3 additive exhibited higher room-temperature conductivity than that of a Na3BO3free sample [41].

2.2.1.2 Ionic conductivity of NASICON electrolyte
Ionic conductivity of the electrolytes is the most important property to evaluate an
electrolyte, though other properties such as mechanical property, interface resistance,
thermal stability, electrochemical stability and cycling performance are also meaningful
for electrolytes.
NASICON was firstly found with a relatively high ionic conductivity of 10-5 S/cm to 10-4
S/cm. Usually the conductivity increases as the temperature increases. Through a series
of preparation optimization, including sol-gel process, excess Na and P source or adding
low melting additive, the ionic conductivity of NASICON could be improved to above
10-4 S/cm. Although now it has been widely reported that Na3Zr2Si2PO12 has an ionic
conductivity of several 10-4 S/cm, constant efforts have been attempted to further
improve the inherent ionic conductivity for feasible electrochemical performance. Most
of the related research has focused on element substitution with heteroatoms in
NASICON structure, including Zn, Sc, Ce, Zr, La, etc. [13, 21-28]
So far, many elements such as Al, Fe, Y, Co, Ni, Ce, Hf, Ca, Sr, Ba, etc. have been
substituted into NASIOCN structure to replace a portion of Zr element. Some of them
have been reported that they could improve ionic conductivity, but it still not achieved
10-3 S/cm. Apart from these elements, Mg, Sc and La are three substitution elements
proven to improve the ionic conductivity of NASIOCN to 10-3 S/cm.
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Jing [42] reported that a NASICON structured solid electrolyte Na3.1Zr1.95Mg0.05Si2PO12
was synthesized through a facile solid-state reaction. The Mg doped NASICON has a
high sodium-ionic conductivity of 1.33×10-3 S/cm at room temperature. Mg2+ is a suitable
and economical substitution ion to replace Zr4+. They pointed out that proper sintering
temperature could reduce the number of pores in grain boundary area, leading to higher
grain boundary conductivity and higher density (Figure 2.5).

Figure 2.5 Ionic conductivity and relatively density of Mg doped NASICON [42]
Qianli Ma, et al [22], has prepared a series of scandium substituted Na3Zr2(SiO4)2(PO4)
with the formula of Na3+xScxZr2‑x(SiO4)2(PO4). The total conductivity of the NASICON
samples increases with increasing degrees of scandium substitution. An optimum total
Na-ion conductivity of 4.0×10−3 S/cm at 25 oC is achieved by Na3.4Sc0.4Zr1.6(SiO4)2(PO4).
The crystal structure of the samples gradually changes from monoclinic to rhombohedral
phase from x=0 to x=6. For the samples with x=3,4, and 5, it shows a mixture of both
monoclinic and rhombohedral phases (Figure 2.6).
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Figure 2.6 Ionic Conductivity of Sc doped NASICON [22]
Sc3+ has an ionic radius of 0.0745 nm, which is the closest to that of Zr4+ (0.072 nm),
however, the dynamics and mechanism of the impact of Sc doping on NASICON have
not been thoroughly understood. A recent study used NMR to analyze Sc-doping on a
sodium-poor NASICON Na3ScxZr2-xSi2PO12 phase. [43] The sodium-poor Na3ScxZr2xSi2PO12

phases in this study showed relatively low ionic conductivities (around 10-4

S/cm). Another recent study investigated the ionic conducting mechanism of one sodiumrich, Sc doped NASICON [44]. Nonetheless, the detailed understanding from a
comprehensive evolution in the series of sodium-rich NASICON Na3+xScxZr2-xSi2PO12
(0≤x≤0.5) is still in its infancy. In addition, the cost of Sc is relatively high, so it is
necessary to develop new and economical approaches to improve ionic conductivity.
La is another effective substitution element reported that increases the ionic conductivity
to an order of 10-3 S/cm [13]. It is reported the ionic conductivity of La substituted
NASIOCN is 3.4 mS/cm at 25 oC and 14 mS/cm at 80 oC. The composite electrolyte is
self-formed by introducing La3+ ions in the NASICON system, and it generates several
new phases of Na3La(PO4)2 and La2O3. The co-existence of these phases can modify the
Na+ ion concentration of the NASICON main phase, also increase the relative density of
the ceramics. However, the dynamics and ionic conducting mechanism of NASICON
Na3+xLaxZr2-xSi2PO12 (0≤x≤0.5) are not yet clear.
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Figure 2.7 Ionic conductivity of La doped NASICON [13]

2.1.1.3 Electrochemical properties of NASICON electrolyte
In general, solid-state electrolytes exhibit wider electrochemical windows than current
liquid electrolytes for sodium ion batteries, especially when no transition elements with
d-electrons are used in a solid-state electrolyte. Figure 2.8 shows the electrochemical
window test of Mg and Sc substituted NASICON. No other reaction was further observed
up to 6 V versus Na+/Na. It is better than organic liquid electrolyte does, which normally
have an electrochemical stability window of <5 V versus Na+/Na. A wider
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electrochemical stability window indicates the possibility of applying electrode materials
with higher voltage and high energy density.

Figure 2.8 The electrochemical window test of Mg and Sc substituted NASICON
[42, 43]
For cycling performance of NASIOCN, both Mg doped NASIOCN and La doped
NASIOCN showed favorable cycling performance in terms of high capacity and cycle
stability at room temperature (Figure 2.9). The outstanding electrochemical performance
could be ascribed to the superior ionic conductivity of elements doped NASICON
material. But it's worth mentioning that to reduce the interfacial resistance between
cathode and electrolyte, a small amount of liquid electrolyte was used as the interfacial
wetting agent at the cathode side. The cycling performance of the solid-state battery
indicates that NASICON could be potentially extended to other high energy density
solid-state battery systems.
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Figure 2.9 Cycling performance of Mg and La substituted NASIOCN based sodium
batteries [42, 13]

2.2.2
2.2.2.1

Na-β”/β-Al2O3
Structure of Na-β”/β-Al2O3

Another widely used solid electrolyte for sodium ion battery is beta alumina. β-alumina
with the formula Na2O·11Al2O3 is a layered structure which consists of dense blocks of
aluminum oxide. They are separated by a less densely packed layer of sodium oxide as
shown in Figure 2.10. It is a schematic view of the oxygen ions perpendicular to the caxis [18].

Figure 2.10 Structure of β- and β”-alumina [18]
The alumina layer forms the spinel structure. It is a close-packed arrangement of oxygen
ions with aluminum occupying some of the octahedral and tetrahedral sites. These spinel
layers of sodium oxide are referred to as the conduction planes.
Figure 2.11. shows the conduction plane which is viewed along the c-axis. The open
circles stand for the oxygen ions in the spinel block, and gray-filled circles are the oxygen
ions in the conduction plane. The open squares stand for the most stable location for
sodium which is referred to as the Beevers–Ross site.
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Along the conduction plane in Na-β”/β-Al2O3, the transport of sodium ions is fast, and
the grain boundaries act as a barrier to the ion transport. Except for the grain size, other
factors such as porosity and crystallographic orientation can also affect the conductivity,
so material processing is important for the improvement of the material performance. For
example, the magnetic field has been used to control the grains crystallographic
orientation [45, 46].

Figure 2.11 Conduction plane in Na-β”/β-Al2O3 viewed along the c-axis [18]

2.2.2.2

Synthesis of Na-β”/β-Al2O3

Na-β”/β-Al2O3 solid electrolytes are usually synthesized via a solid state reaction, with
the starting materials as commercial powders of boehmite, magnesia, sodium carbonate
and titania. According to ref. [47], Boehmite is calcined at around 1200 oC to obtain the
precursor, following experienced ball-milling in an absolute alcohol. After that the
sample is dried, mixed with polyvinyl alcohols, and ground in an alumina mortar. The
resulting mixtures are then molded to obtain the green samples and finally heated to
around 1600 oC. Therefore, compared to the synthesis of NASICON electrolytes, βalumina solid electrolytes need relatively high synthesis temperature.

2.2.2.3

Sodium ionic conductivity of Na-β”/β-Al2O3

As Figure 2.12. shows, the ionic conductivity of Na-β”/β-Al2O3 is relatively high. In past
decades, many efforts have been done to further improve the ionic conductivity, and the
most popular way is to dope some elements or fillers into the electrolytes, such as Ti,
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NiO, Mg and so on [47-49]. Some of the replacement have positive effect on the ionic
conductivity as shown in Figure 2.13.

Figure 2.12 Conductivities of Mg-stabilized β” alumina single crystals

Figure 2.13 Conductivities of improved conductivity of Na-β”/β-Al2O3

2.2.2.4

Mechanical properties of Na-β”/β-Al2O3

To improve the mechanical properties is another issue of Na-β”/β-Al2O3 study, and fillers
doping is a good way to improve the mechanical strength. According to ref. [50], the
bending strength of the β-Al2O3 solid electrolyte was up to 180 MPa by using TiO2
doping. According to ref. [51, 52], with the increasing of the content of ZrO2, the flexural
strength increased. Also, Yang et al. [53] studied the β-Al2O3 solid electrolyte by adding
ZrO2 to increase the mechanical. Xu et al. [54] found that both the mechanical strength
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and electrical conductivity could be improved by adding a small amount of Y2O3, by
using the double zeta process to prepare the β-Al2O3 solid electrolyte. Table 2.2 shows
the bending strength of NiO doped β-Al2O3 solid electrolyte [49].
Table 2.2 Some calculated parameters and measured properties of the sinters with
different amounts of NiO doping [49].

Apart from the ionic conductivity and mechanical strength, someone mentioned that the
total electrolyte resistance of the Na-β”/β-Al2O3 electrolyte could be significantly
decreased by reducing the thickness of the electrolyte [55], and the way of designing the
electrolyte structure with cruciform cross-section. Mali et al. [56] found that a thin walled
Na-β”/β-Al2O3 electrolyte cells has a lower average specific resistance.

2.3

Polymer electrolyte

Polymer electrolyte is a membrane which consists of a high molecular polymer matrix
and the dissolved sodium salts in it. Polymer electrolyte has good flexibility, safety,
dimensional stability good processibility, and excellent ability to prevent the formation of
sodium dendrite. There are two types of polymer based electrolytes: solid polymer and
gel polymer. A solid polymer electrolyte should contain polymer host and sodium salts,
while a gel polymer electrolyte includes polymer host, sodium salts and plasticizer. The
plasticizer makes the polymer gel form.

2.3.1
2.3.1.1

Solid polymer electrolyte
Structure of solid polymer electrolyte

Due to the favorable mechanical properties, ease of fabrication and handling in thin films,
and good ability to form effective electrode-electrolyte contact, solid polymer electrolytes
have been extensively studied in for decades [57-64]. Examples of host polymers
commonly used are PEO, poly(vinylidene fluoride) (PVdF), poly(vinylidenefluoride-
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hexafluoro propylene) (PVdF-HFP), poly(methyl methacrylate) (PMMA), poly(vinyl
alcohol) (PVA), poly(vinyl chloride) (PVC), poly(acrylonitrile) (PAN), poly(acrylic acid)
(PAA), poly(ethyl methacrylate) (PEMA) etc. [14], in which PEO is the most popular
one because of its high electrochemical stability. Sodium salts commonly used are
NaPF6, NaClO4, NaTFSI, NaFSI, NaTf, Na2SO4, NaCF3SO3, NaPO3, etc. Figure 2.14
shows the coordination of a in P(EO)3: NaI [16].

Figure 2.14 Coordination of a in P(EO)3: NaI. Purple - sodium; brown - iodine;
green - carbon; red – oxygen [16]

2.3.1.2

Ionic conductivity of solid polymer electrolyte

Most of the solid polymer electrolytes are prepared by the solution-cast technique using
methanol (water-free) as solvent. The content of sodium salts in polymer could affect the
ionic conductivity of solid polymer electrolyte [58, 60, 63, 65, 66] (Figure 2.15).
According to ref. [60], the PEO-based solid electrolyte showed increasing ionic
conductivity as the ratio of PEO:NaTFSI increases from 6:1 down to 20:1, but the
conductivity of the PEO30:NaTFSI composition drops to the lowest values. Ch.V. Subba
Reddy, et al [65] found that with the content of NaClO4 increases from 0% to 30%, the
ionic conductivity of PVP based solid polymer electrolyte slightly increases. Also, other
types of sodium salts, such as NaX (X: TFSI, FSI) are found to have effect on the ionic
conductivity of PEO based solid polymer electrolytes by Andrea Boschin and Patrik
Johansson [58].
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Figure 2.15 Ionic conductivities of solid polymer electrolyte with different content of
sodium salt [58, 60, 63, 65, 66]
Apart from these, according to ref. [66], V. M. Mohan made a conclusion that the ionic
conductivity at room temperature increases with the content of sodium salt NaFeF4
increases. Meanwhile, the activation energy of both the amorphous and crystalline
decreases. On the other hand, the transference number of sodium ion increases (Table
2.3).
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Table 2.3 Conductivity, activation energies, and transference numbers of pure and
NaFeF4-doped (PEO) polymer films [66]

2.3.1.3

Improvement of ionic conductivity

Solid polymer is a solvent-free system which has no organic liquid in it. The ionic
conductivity of most materials studied is below 10-6 S/cm at room temperature. Because
of the poor ionic conductivity at room temperature, the performance of solid polymer is
unsatisfactory. To improve the ion conductivity, a variety of ceramic fillers, like ZrO2,
SiO2 and Al2O3, are added into the polymer matrix, because some ceramic fillers could
lower the equilibrium glass-transition temperature Tg, suppress the degree of crystallinity
(Figure 2.16). Ionic transport is faster within the amorphous region than within the
crystalline region of the polymer host [67, 68].

Figure 2.16 Schematic of the interaction mechanisms between PEO chains and SiO2
fillers
Yatim Lailun Ni'mah, et al [67] showed that the sodium ionic conductivity of the PEO
based solid electrolyte could be significantly enhanced by the addition of TiO2 fillers
with nano size as shown in Figure 2.17. Apart from this, the addition content of ceramic
fillers into polymer solid electrolyte could also have effects on the sodium ionic

21

conductivity of polymer. According to ref. [68], D. Praveen found that the sample with
the concentration of nanoparticle of 10% weight percent had the optimized sodium ionic
conductivity among all the samples.

Figure 2.17 Improved ionic conductivity by addition of ceramic fillers [67, 68]

2.3.1.4

Cycling performance of solid polymer electrolyte

In addition to the ionic conductivity, people also care about the cycling performance of
the solid polymer electrolyte served cells. In fact, due to the low sodium ionic
conductivity, the cells with solid polymer electrolyte usually have unsatisfied capacity
performance. As Figure 2.18 shown, the capacity of the cell with liquid electrolytes has a
cycling capacity above 100 mAh/g, however, for the solid electrolyte served cell, the
capacity is only 45 mAh/g. Fortunately, it shows good cycle stability.

Figure 2.18 Cycle ability of cell using Na2/3Co2/3Mn1/3O2 half cell under 0.1 C rate,
with the potential 1.25-4.3 V using solid polymer electrolyte and liquid electrolyte
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Taken as a whole, for solid polymer electrolyte, the low ionic conductivity is main
obstacle. Although the ion conductivity can be slightly improved, it is still much lower
than that of liquid electrolytes, which is far from application requirement. People are still
on the way to further improve ionic conductivity of solid polymer electrolytes.

2.3.2
2.3.2.1

Gel polymer electrolyte
Introduction of gel polymer electrolyte

Gel polymer electrolyte is a plasticized polymer matrix, composed of polymer host,
sodium salts, and plasticizer which could results in a polymer matrix swollen in a liquid
electrolyte

[14].

Examples

of

host

polymers

commonly

used

are

PEO,

poly(vinylidenefluoride-hexafluoro propylene) (PVdF-HFP), poly(methyl methacrylate)
(PMMA), poly(acrylonitrile) (PAN), etc., in which PVdF-HFP and PMMA are the most
popular ones because of the high ionic conductivity and mechanical property. Sodium
salts commonly used are NaPF6, NaClO4, NaTFSI, NaFSI, NaTf, Na2SO4, NaCF3SO3,
NaPO3, etc. EC and PC are the most widely used plasticizer in gel polymer electrolytes.
Gel polymer electrolytes are light in weight, and easily configured into different shapes
and sizes. Besides, high ionic conductivity (most of conductivities are above 10-4 S/cm)
[68-74], good operation safety and structural stabilities make it a promising candidate of
electrolytes. Figure 2.19 exhibits an example of PMMA based gel electrolyte. Since the
electrolyte is gel form, the mechanical properties of it are usually not good. Though it is
flexible, sometimes it is too sticky to operate, and not easy to be shaped at the same time,
such as PMMA based electrolyte. Another type of the gel polymer electrolyte which has
poor strength is PVdF-HFP based gel electrolyte. PVdF-HFP based gel electrolyte has a
relatively high ionic conductivity of 10-3 S/cm, however, the poor strength makes it easy
to be broken. Furthermore, this will cause another problem that, the gel electrolyte could
not forbid the formation of sodium dendrite during the cycling test. With the formation of
sodium dendrite during the cycling test, the battery may have short circuit, which make
the battery very unsafe in application.
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Figure 2.19 Typical photograph of nanocomposite film EC-PC-NaClO4-PMMA [71]

2.3.2.2

Ionic conductivity of gel polymer electrolyte

Compared to solid state polymer electrolytes, the gel polymer electrolytes have relativity
higher ionic conductivities. According to ref. [68-74], most ionic conductivities could be
above 10-4 S/cm (Figure 2.20).

Figure 2.20 Ionic conductivities of gel polymer electrolytes

2.3.2.3

Mechanical property and cycling performance of gel
polymer electrolyte

Although the conductivities of gel electrolytes are higher than those of solid polymer
electrolytes, the mechanical strengths of gels are lower. Someone shows that the addition
of silica to PVdF-HFP could increase the mechanical strength and ionic conductivity. On
the other hand, the inorganic particles can also decrease crystallization and improve the
ionic transport number. Besides, Hongcai Gao, et al [75] came up a new idea to add some
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glass fibers into the gel polymer electrolytes to improve the poor mechanical properties.
The glass fibers are shown in Figure 2.21.

Figure 2.21 Glass fibers used to improve mechanical property of gel polymer [75]
The gel polymer electrolyte doped with glass fibers exhibits excellent mechanical
strength and thermal stability. At the same time, a wide electrochemical window and high
ionic conductivity is obtained for the glass fibers doped gel polymer. In addition, the rate
capability, cycling performance, and coulombic efficiency are significantly improved
when the composite electrolyte is tested in a sodium-ion battery with Na2MnFe(CN)6 as
cathode (Figure 2.22).

Figure 2.22 Glass fibers used to improve mechanical property of gel polymer [75]
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2.4 Sulfide electrolyte
In contrast to those traditional electrolytes, sulfide-based solid-state electrolytes are more
promising because of their low-temperature synthesis process, relatively high room
temperature ionic conductivity, low grain boundary resistance, as well as good contact
with electrode [20]. In recent years, significant progress has been made in lithium sulfide
electrolytes [76-80], and ionic conductivity as high as 10 mS/cm has been obtained, for
example, Li7P3S11 (17 mS/cm) and Li10GeP2S12 (12 mS/cm) [81-84]. Inspired by the
success of the Li ion sulfide based solid state electrolytes, growing efforts have recently
been made on the development of Na ion sulfide based electrolytes.

Figure 2.23 Structure model of cubic Na3PS4 [85] and tetragonal Na3PS4 [86]
Sulfide electrolyte, Na3PS4, typically has two structures, cubic Na3PS4 and tetragonal
Na3PS4, which are shown in Figure 2.23. Hayashi and co-workers firstly introduced
cubic Na3PS4 as a glass ceramic electrolyte with ionic conductivity of 0.2 mS/cm in 2012
[87], and he pointed out that cubic Na3PS4 exhibited higher ionic conductivity than
tetragonal Na3PS4. After that, many efforts have been done to investigate the effects of
synthesis conditions on phase change and ionic conductivity, to look for approaches to
improve ionic conductivity, to enhance the air stability and so on.

2.4.1

Synthesis of sulfide electrolyte

Compared to oxide electrolytes, such as NASICON and Na-β”/β-Al2O3, which require
sintering temperatures above 1000 ℃ to reduce grain boundary resistances, sulfide
electrolyte has relatively mild synthesis conditions. Mechanochemical technique and
solution process are the two main synthesis methods in sulfide electrolyte study.
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Mechanochemical technique
Mechanochemical technique is the most common used method to synthesize sulfide
electrolytes. Starting materials, such as Na2S and P2S5 are firstly ball milled for hours,
after which the powder is compressed by a conventional uniaxial cold press to prepare a
pellet, and finally experience a heat treatment. All the processes are performed in Ar
atmosphere. Many factors, such as ball milling time, rotation rate, heat treatment
temperature, ratio of starting materials, impurity, etc, could exert an influence [88-90].
C. Yu, et al [88], investigated the effect of ball milling duration and heat treatment
temperature on the phase change by changing ball milling time from 0-30min, and
changing heat treatment temperature from 200-600 ℃ (Figure 2.24).

Figure 2.24 Effect of ball milling duration and heat treatment temperature on the
Na3PS4 phase change [88]
As ball milling time increases, impurities of P2S5 and P4S10 simultaneously reduces.
Based on the results in ref. [88], 20-30h is the optimal ball milling time. On the other
hand, since high temperature (above 300 ℃) leads to appearance of tetragonal Na3PS4,
250 ℃ is the most suitable annealing temperature, with which people can get pure phase
of cubic Na3PS4 and highest ionic conductivity.
The xNa2S(100-x)P2S5 (mol%; x= 67, 70, 75 and 80) glasses were prepared by K. Noi
[90], et al that he found the x = 75 glass-ceramic had right cubic Na3PS4 phase and
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showed the highest conductivity of 0.2 mS/cm at 25 ℃ and the lowest activation energy
of 27 kJ/mol (Figure 2.25).

Figure 2.25 XRD pattern and ionic conductivity of xNa2S(100-x)P2S5 (mol%; x= 67,
70, 75 and 80) [90]
Some impurities as well could exert an influence in the synthesis process. A. Hayashi
[89] reported that they increased the ionic conductivity of Na3PS4 from 0.2 S/cm to 0.46
S/cm by using highly purified crystalline Na2S as starting material. Besides, ZrO2 was
another impurity during the ball milling process which is difficult to avoid because of the
zirconia (ZrO2) vessel and balls, but fortunately the trace amount of ZrO2 would not
aﬀect conductivity and crystal phase of glass ceramics.
Solution processes
In a solution process, Na3SbS4 is prepared from MeOH or aqueous solutions, such as
H2O, followed by a heat treatment process. In fact, solution process is not as popular as
mechanochemical technique, and the ionic conductivity of solution processed sample is
not as high as solid processed sample, as Table 2.4 shows. Besides, activation energy
values for Na3SbS4 prepared by solid-state reaction is much lower than solution process.
However, despites all these drawbacks, solution has its advantage compared to solid state
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reaction. The heat treatment temperature of solution process (100℃-200℃) is much
lower than that of mechanochemical technique (550℃).
Table 2.4 Conductivity and activation energy values for Na3SbS4 prepared by solidstate reaction and the solution process using MeOH or H2O [91]

2.4.2

Ionic conductivity of sulfide electrolyte

Since Hayashi and co-workers introduced cubic Na3PS4 as a glass-ceramic electrolyte
with ionic conductivity of 0.2 mS/cm in 2012 [87], which pointed that Na3PS4 is one of
the most promising solid-state electrolyte for sodium ion battery application, many efforts
have been done to further improve ionic conductivity. To optimize its synthetic
conditions, as we discussed in synthesis part above, could slightly improve the ionic
conductivity. To obtain higher ionic conductivity, people have come up with the idea of
doping other elements into Na3PS4. So far, many types of elements have been tried as
dopants, such as Si, Cl, Sb, Se, As and so on. Indeed, some of them have positive effects
on Na3PS4.
Si doped sulfide electrolyte
To increase the conductivity of glass ceramics Na3PS4, N. Tanibata, et al [85, 92-95] has
particularly studied partial substitution of Na4SiS4 for Na3PS4, which was inspired by the
introduction of Si element to glass ceramics Li3PS4, increasing ionic conductivity. He has
prepared a series of (100-x) Na3PS4-xNa4SiS4 (mol%, 0<X<100), and found that the
cubic Na3PS4 phase was crystallized directly at the composition range of 0<x<10. Of all
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the samples, sample with 6 mol% Na4SiS4 showed the highest conductivity of 0.74
mS/cm, which was higher than that of pure Na3PS4.
As Figure 2.26 shows, a partial substitution of silicon for phosphorus in the cubic Na3PS4
crystal increases the site occupancy of Na2, leading to the enhancement of sodium ionic
conductivity for glass ceramic 94Na3PS4•6Na4SiS4. The cubic Na4SiS4 in the glass
ceramic 94Na3PS4•6Na4SiS4 glass ceramic has a larger site occupancy of Na2 than that in
the Na3PS4, which could be responsible for the ionic conductivity improvement.

Figure 2.26 94Na3PS4•6Na4SiS4 crystal structure
Halogen doped sulfide electrolyte
Halogen is another type effective dopant to improve ionic conductivity [86, 96-98]. A Na
vacancy is introduced when a single halide dopant is introduced into tetragonal Na3PS4
by replacing S atoms with X, to form Na47P16S63X, or tetragonal Na3-xPS4-xXx with x=
0.0625. Of all the Halogens, Cl is considered the most promising dopant, because it is
commonly available, safe and has an ionic radius that is closest to S2- [86]
With Cl dopant, he sodium ionic conductivity of tetragonal Na2.9375PS3.9375Cl0.0625 at 300
K is predicted to be 1.38 mS/cm with an activation barrier of 232 meV.
Na3PSe4 electrolyte
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Selenium is another dopant people tried to replace sulfide in sulfide based electrolyte [97,
99]. Cubic Na3PSe4 and cubic Na3PS4 have the same structure, and he lattice parameter of
the selenium compound is approximately 4% larger than that of the sulfide compound.
With an increased ionic conductivity and phase change analysis, people deduce that the
formation of defects, lattice expansion while retaining the same cubic structure and the
presence of highly polarizable selenium enables fast Na ion conduction in Na3PSe4
electrolyte. The highest ionic conductivity of Se replaced sulfide electrolyte is 1.16
mS/cm which is comparable to NASICON and Na-β”/β-Al2O3 solid-state electrolytes.
Na3SbS4 electrolyte
Inspired by Na3PSe4 electrolyte, Na3SbS4 electrolyte is expected to exhibit a higher ionic
conductivity considering the similar size of SbS43- with respect to PSe43- [91, 100-102].
All the Na3SbS4 electrolytes studied show that ionic conductivity could be effectively
increase to 1 mS/cm, which is comparable to NASICON and Na-β”/β-Al2O3 solid-state
electrolytes. The existence of vacancies caused by Sb dopant is beneficial for sodium
migration. Additionally, the surface conduction of Na3SbS4 with highly porous structure
also potentially contributes to the higher sodium ionic conductivity.
As doped sulfide electrolyte
Arsenic is newest element as a dopant in sulfide electrolyte study. Z. Yu [103] has
reported that the ionic conductivity of Na3P1-xAsxS4 increases as As concentration
increases, reaching a maximum value of 1.46 mS/cm with x = 0.38, and following
decreases to 0.4 mS/cm with x = 0.5 for Na3P0.5As0.5S4, and 0.027 mS/cm for Na3AsS4.
The enhanced ionic conductivity results from the lattice expansion and compact
microstructure with high density.
Other elements doped sulfide electrolyte
In addition to the dopants we have discussed above (Si, halogen, Se, Sb and As), many
other types of elements are also studied in recent years, such as Sn, Ge and so on [104,
105]. Some of the dopants really have positive effects on sulfide based solid-state
electrolyte.
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Based on the discuss, it is not difficult to obtain an ionic conductivity of 1mS/cm with
element doping, although the pure Na3PS4 only exhibits the ionic conductivity of 0.46
mS/cm.

2.4.3

Air stability of sulfide electrolyte

Despite the scientific importance of the improved ionic conductivity, sulfide-based solidstate electrolytes still face a huge challenge that most of these materials are air or
moisture sensitive. Though A. Hayashi [88] reported that the cubic Na3PS4 phase was
stable after storage for six months at room temperature in an Ar filled glove box, it was
rapidly hydrolyzed when exposed to an ambient environment, leading to release of
noxious H2S gas and a tremendous decrease in the ionic conductivity of the solid
electrolyte [100]. So, before the sulfide electrolyte come to use, the poor air stability
should be improved firstly.
The stability of the sulfide based electrolyte closely follows hard and soft acid and base
(HSAB) theory. In hard and soft acid and base theory, a hard acid is prone to reacting
with a hard base, and a soft acid reacts preferentially with a soft base accordingly. For
example, most thiophosphate-themed materials are not stable in air because oxygen is a
hard base that replaces the soft base sulfur, and it reacts preferentially with the hard acid
phosphorus [106].
Based on hard and soft acid and base theory, one way to overcome this limitation is
replacing P with Group VA elements (such as As, Sb) on the periodic table, which act as
appropriate soft acids and strongly bind with sulfur.
Z. Yu, et al [103], has studied the effect of As on air stability of sulfide electrolyte. They
found As could effectively improve air stability that from Figure 2.27 the XRD patterns,
impedance plots (RT) under 15% humidity and activation energy of Na3P0.62As0.38S4 did
not change too much after air exposure, while those of exhibit significant changed. In
addition, the concentration of H2S gas was detected to increase much faster in Na3PS4
sample than that of Na3P0.62As0.38S4 sample.
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Figure 2.27 XRD patterns, impedance plots (RT) and time dependent concentration
of H2S released from Na3PS4 and Na3P0.62As0.38S4 after exposing to the air with 45%
humidity [103]
H, Wang, et al [101] also showed that the structure and ionic conductivity could be
recovered after experience a heat treatment at 150 ℃ for 1 h based on raman spectra and
XRD patterns, which further demonstrated that the soft acid Sb5+and soft base S2- were
strongly bonded in Na3SbS4, allowing for reversible H2O absorption and desorption.
The air stability of sulfide solid-state electrolytes under an environment is highly
desirable, allowing for easy handling and dramatically reduced production costs. Group
VA elements, especially As and Sb, are effective in improving the air stability. And in the
future, the application of hard and soft acid and base theory in the design of sulfide
electrolytes will have a far-reaching impact on the development of high-energy sodium
ion solid-state batteries.

2.4.4

Interface contact of sulfide electrolyte

Interface contact is no doubt one of big challenges sulfide based solid-state electrolytes
face in battery application. Traditional sodium based solid-state electrolytes, such as
NASICON and Na-β”/β-Al2O3, suffer from their poor interface contact, limiting their
application in batteries. Compared to NASICON and Na-β”/β-Al2O3, sulfide electrolyte
has a relatively better interface contact due to its low grain boundary resistance and good
mechanical property.
Grain boundary resistance
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Traditional sodium based solid-state electrolytes, such as NASICON and Na-β”/β-Al2O3,
generally require high temperature (at least 1000 ℃) sintering to reduce their grain
boundary resistance, and such high temperature sintering may deteriorate the electrode–
electrolyte interface due to the undesirable side reactions [87]. On the other hand, grain
boundary resistance of sulfide electrolyte can be remarkably decreased by only cold press
without high temperature sintering [89]. The difference grain boundaries of Na-β”/βAl2O3 and Na3PS4 pellets could clearly be seen from SEM images (Figure 2.28 ) that
grain boundaries among particles of Na-β”/β-Al2O3 pellet are clearly observed, whereas
intimate contacts among particles are achieved in the sulfide electrolyte Na3PS4 pellet.
Therefore, the low grain-boundary resistance of Na3PS4 is very advantageous for
achieving good interface contact of electrode-electrolyte in sodium based all-solid-state
batteries.

Figure 2.28 SEM images of Na-β”/β-Al2O3 and Na3PS4 pellets [87]
In addition, C. Yu, et al [88], has pointed out that particularly in the less crystalline cubic
phase, the amorphous phase lead to a decrease in grain boundary resistance, which may
further improve the performance of Na3PS4 solid electrolyte served Na-ion batteries.
Mechanical property
As we all know that both NASICON and Na-β”/β-Al2O3 exhibit poor mechanical
property because of high Young’s modulus, which makes NASICON and Na-β”/β-Al2O3
hard to be shaped in battery application.
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Compared to NASICO and Na-β”/β-Al2O3, sulfide electrolytes have relatively favorable
mechanical properties for fabricating all-solid-state sodium ion batteries. Sulfide
electrolytes have lower Young’s modulus than NASICON and Na-β”/β-Al2O3.
Furthermore, since most electrodes in battery have volume change during charge and
discharge cycles, such good mechanical property could effectively contribute to maintain
electrode-electrolyte interface contact in all solid-state batteries.

2.4.5

Electrochemical properties of sulfide electrolyte

In addition to the self-properties, such as ionic conductivity, air stability, interface
contact, the last but important property most researchers concern is electrochemical
properties, which show the possibility of sulfide electrolyte in battery application.
Electrochemical window
When sulfide Na3PS4 was firstly introduced as a promising solid-state electrolyte in 2012,
its electrochemical window was simultaneously studied by A. Hayashi [87]. He has
performed cyclic voltammetry measurements, and shown that reversible sodium
deposition and dissolution took place at about 0 V versus Na+/Na, and no peak was
observed up to 5 V, which indicated that the sulfide electrolyte Na3PS4 is
electrochemically stable against sodium metal, and had a relatively wide electrochemical
window of at least 5 V (Figure 2.29). Also, 90Na3PS4-10Na4SiS4 [92], Na3SbS4 [101],
Na3P0.62As0.38S4 [103] were proved to have similar electrochemical window as Na3PS4.
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Figure 2.29 Cyclic voltammogram of the glass ceramic Na3PS4 and 90Na3PS410Na4SiS4, Na3SbS4, Na3P0.62As0.38S4 [87, 92, 101, 103]
Cycling performance
For undoped glass ceramic Na3PS4, galvanostatic cycling of the cell Na/Na3PS4/Na was
studied at room temperature by K. Noi [90]. A constant over voltage was shown in the
voltage profile (Figure 2.30). The constant cell voltage suggested that no reaction took
place at the interface between the solid electrolyte and sodium metal during sodium
deposition and dissolution. And such glass ceramic Na3PS4, as well as Na3SbS4 [101],
with both high conductivity and electrochemical stability was a promising solid-state
electrolyte in all-solid-state sodium battery.

Figure 2.30 Galvanostatic cycling of the cell Na/Na3PS4/Na and Na/ Na3SbS4/Na [90,
101]
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Except for galvanostatic cycling of the cell Na/Na3PS4/Na, people also fabricated some
all-solid-state cells, such as Na-Sn/Na3PS4/TiS2 [87], Na15Sn4/cubic-Na3PS4/NaCrO2 [89]
TiS2/t-Na2.9375PS3.9375Cl0.0625/Na [86] and Na-Sn/Na3P0.62As0.38S4/TiS2 [103] to study
cycling performance. Unfortunately, the cycling performances were not as good as those
of liquid electrolyte served cell, including the initial irreversible capacity and capacity
fading. And cell capacity decreased as current density increased, all of which might be
caused by the increase of cell resistance.

Figure 2.31 Galvanostatic cycling of the cell Na/Na3PS4/Na and Na/ Na3SbS4/Na Chargedischarge curves of Na-Sn/Na3PS4/TiS2 and Na-Sn/Na3P0.62As0.38S4/TiS2 [89, 103]

2.5 Hybrid electrolyte
Based on 2.2, 2.3 and 2.4, we could realize that although people have developed so many
types of solid-state electrolytes for sodium ion battery now, no electrolyte could exhibit
all the good properties, so that till now people have not found a solid-state electrolyte for
application. Since each type of electrolyte has its own advantage and disadvantage,
someone come up a new idea that to make hybrid electrolyte, which means to combine
two or three kinds of electrolyte, to improve the overall properties of solid-state
electrolyte, including high ionic conductivity, good mechanical properties, low interface
resistance, thermal stability, electrochemical stability, good cycling performance, and so
on.
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2.5.1

Hybrid electrolyte of NASICON and PEO solid polymer

Zhizhen Zhang, et al [107], developed a solvent-free PEO based ceramic and solid
polymer hybrid electrolyte for the first time. In their study, two different ceramic
electrolytes, Na3Zr2Si2PO12 and Na3.4Zr1.8Mg0.2Si2PO12, with different contents were
added into PEO based solid polymer electrolyte. The hybrid electrolytes added with
Na3.4Zr1.8Mg0.2Si2PO12 ceramic electrolyte exhibited better ionic conductivity as shown
in Figure 2.31.
It can be seen that the total conductivity of the Na3.4Zr1.8Mg0.2Si2PO12-PEO12-NaFSI
hybrid electrolyte containing 40 wt% NASICON filler is about one order of magnitude
higher than that of the pristine PEO12-NaFSI hybrid electrolyte over room temperature
region. Besides, it is obvious that the content of the NASICON fillers affects the ionic
conductivities of the hybrid electrolytes significantly: as the content of NASICON fillers
increases, the ionic conductivity increases till 40 wt%, then decreases.

Figure 2.32 Ionic conducting properties of NASICON added PEO polymer
electrolyte [107]
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Figure 2.32 shows the TG curve and electrochemical stability window of the 40 wt%
Na3.4Zr1.8Mg0.2Si2PO12-PEO12-NaFSI hybrid electrolyte. It can be seen that below 150
o

C, no weight loss occurred, indicating that the hybrid electrolyte is thermally stable up to

this temperature. Besides, there is no peaks or noticeable oxidation current can be
observed up to 4.37 V, which suggests that the hybrid electrolyte is stable up to such high
potential.

Figure 2.33 The TG curve and electrochemical stability window of NASICON fillers
added PEO polymer solid electrolyte [107]

2.5.2

Hybrid electrolyte of NASICON and PVdF-HFP solid polymer

Another work has been done by Jae-Kwang Kim, et al [108], they make hybrid
electrolyte by combine NASICON electrolyte and PVdF-HFP solid polymer. The total
resistance of the hybrid electrolyte is significantly lower than that of the hybrid
NASICON+PVdF-HFP film and the previously reported solid electrolytes. This is
because the inclusion of the liquid electrolyte in the NASICON+PVdF-HFP hybrid solid
electrolyte improves the interface stabilities of electrolyte-electrode, ceramic-polymer,
and ceramic-ceramic. Besides, the capacity and cycling stability is high reversible at
room temperature.

2.6 Conclusion
In summary, a variety types of solid-state electrolytes, including polymer and ceramic
ones have been developed and studied for decades. Each type of electrolyte has its own
advantage and disadvantage. Ceramic electrolytes, such as NASICON and Na-β”/β-Al2O3
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show high ionic conductivity of at least 10-4 S/cm, bur poor mechanical property and high
interface impedance. Solid polymer electrolyte, such as PEO based solid electrolytes
exhibits poor conductivity but good interface contact and mechanical properties. On the
other hand, gel electrolytes, such as PVdF-HFP and PMMA have extremely high
conductivities while the mechanical property needs to be improved, as well as the
formation of sodium dendrite remains another big challenge for sodium ion battery
application. To develop hybrid electrolytes is an effective way to obtain improved overall
properties.
On the way of getting solid-state electrolyte with improved overall properties, people
come up new ideas, which include combining ceramic electrolyte and polymer based
electrolyte to make hybrid solid electrolyte, adding MOFs into the solid polymer
electrolyte to improve the ionic conductivity, making sandwich electrolyte to decrease the
interface resistance of ceramic electrolyte, etc.
Based on all these we have discussed, we hope in the future solid-state electrolyte could
replace liquid electrolyte to improve safety and durability, as well as simplify the cell
design in sodium ion battery application.
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Chapter 3

3

Experimental apparatus and characterizations
techniques

In this chapter, the different electrolytes and electrodes fabrication, as well as physical
and electrochemical characterization techniques are states here.

3.1 Experimental apparatus
3.1.1 Oil bath heating and stirring device

Figure 3.1 Oil bath heating and stirring device
In this thesis, the NASICON electrolytes are synthesyzed with sol-gel method in the oil
bath heating and stirring device as shown in Figure 3.1. NaNO3 (≥99.0%, SigmaAldrich), NH4H2PO4 (≥98%, Sigma-Aldrich), Si(OC2H5)4 (tetraethyl orthosilicate, ≥98%,
Sigma-Aldrich), and C12H28O4ZR (zirconium(IV) propoxide solution, 70 wt. % in 1propanol, Sigma-Aldrich) are used as the starting materials with citric acid as a chelating
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agent. A mixture of tetraethyl orthosilicate, zirconium (IV) propoxide solution, citric
acid, ethanol, and H2O is stirred at 60 oC overnight. Secondly, 10% excessive NaNO3 and
10% excessive NH4H2PO4 are dissolved in deionized water and then added to the
previous solution. The collosol is heated at 70 oC and stirred until a dried gel is obtained,
which required several hours.

3.1.2 Muffle furnace and tubular furnace

(a)

(b)

Figure 3.2 (a) Muffle furnace and (b) Tubelar furnace of Thermo Scientific
The obtained dried gel from sol-gel process is first calcined in air at 500 oC for 2 h and
then 1050 oC for 10 h in muffle furnace as shown in Figure 3.2(a). The calcined powder
is grounded and pressed into pellets (diameter 13 mm, thickness 1 mm) and sintered at
around 1250 oC for 12 h in muffle furnace. White ceramic pellets with a diameter
between 11.2–11.5 mm and a thickness of around 0.9 mm can be obtained after sintering.
The cathode material NaCrO2 is synthesized through a solid phase reaction in tubelar
furnace (Figure 3.2(b)). The mixed powder is heated at 900 oC in an Ar atmosphere for
10 h.
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3.1.3 Hydraulic press and special mould

Figure 3.3 (a) Hydraulic press and (b) Special mould
The calcined powder is grounded and pressed into pellets (diameter 13 mm, thickness 1
mm) with hydraulic press (Figure 3.3 (a)) and special mould (Figure 3.3 (b)). Finally,
ceramic pellets with a diameter between 11.2–11.5 mm and a thickness of around 0.9 mm
can be obtained after sintering.
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3.1.4 CVD spraying device

Figure 3.4 CVD spraying device
Before the ionic conductivity measurement, Au thin films are deposited on both sides of
the SSE pellets by sputtering as the blocking electrodes. Chemical vapor deposition
(CVD) spraying device (MNT-JS1600) (Figure 3.4) is used to do the deposition.
CVD is a vacuum deposition method used to make solid materials. This process is often
used to produce thin films. In typical CVD, the substrate is exposed to Au volatile
precursors, which react on the substrate surface to produce the desired Au deposit.

3.2 Characterizations techniques
The physical and chemical properties of the different electrolytes and electrodes,
including morphology, structure, components, valence state, dynamics, et al. have been
determined via varies of analytical techniques, such as X-ray diffraction (XRD), scanning
electron microscope (SEM), synchrotron radiation, solid-state nuclear magnetic
resonance (SS-NMR), etc. To investigate the electrochemical properties of as-prepared
electrolytes and electrodes, electrochemical impedance spectroscopy (EIS), and
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galvanostatic cycling performance with different current densities were conducted with
assembled symmetrical cells.

3.2.1

XRD measurement

Figure 3.5 The Bruker D8 advance diffractometer XRD system
X-ray diffraction, is commonly used to study the structure, composition, and physical
properties of materials. In X-ray diffraction, a regular array of spherical waves add
constructively in a few specific directions, determined by Bragg’s law: 2dsinθ=nλ, where
d is the spacing between diffracting planes, n is any integer, θ is the incident angle, and λ
is the wavelength of the beam.
In this thesis, crystal structure and phase composition of the SSEs are characterized via
X-ray diffraction (XRD) using D8 Advance (Bruker Co.) with Cu Kα X-ray source in the
range of 10–70°with a step of 0.01°per seconds.
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3.2.2

SEM and EDS measurement

Figure 3.6 The Hitachi 3400N environmental scanning electron microscope
Scanning electron microscope (SEM) is a commonly used electron microscope which
produces images of test samples by scanning the surface with a focused beam of
electrons. The electrons interact with atoms in the test samples, producing various signals
that contain information of the composition and the surface topography of the samples.
The microstructures of SSEs are observed by SEM. SEM images and energy dispersive
spectroscopy (EDS) mappings are collected using a Hitachi 4800 SEM equipped with
EDS detector (Figure 3.6). The working voltage for the EDS mapping is 20 kV.
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3.2.3

Electrochemical measurements

Figure 3.7 Gamry electrochemical system
The ionic conductivity of SSEs is measured by electrochemical impedance spectroscopy
(EIS). Nyquist plots are recorded by a gamry electrochemical system (Figure 3.7) in the
frequency range between 100 mHz and 100 kHz with an AC voltage of 5 mV.
In the EIS test, we apply a small sinusoidal potential (or current) of fixed frequency,
measure the response and compute the ionic conductivities at each frequency by using the
equation: σ=L/(S*R), where L is the thickness of solid state electrolytes, S is the surface
area of solid state electrolytes, and R is the impedance of the test solid state electrolytes.
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Figure 3.8 Land 2001A battery test system
Electrochemical analysis was performance in CR2032 coin-type cells. The coin cells
were assembled in an ultra-pure argon filled glove box. The cycling test are carried out
on a Land 2001A Battery Test System (Figure 3.8) at room temperature.
A variety of currents are applied to the electrodes during charge and discharge process
while the capacity and potential are recorded over time in the cell testing.

3.2.4

Synchrotron radiation

(a)

(b)
Figure 3.9 Canadian light source (CLS)
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X-ray absorption spectroscopy (XAS) is a widely used characteristic technique for
determining the electronic structure and local geometric of materials. The XAS
experiment, including XANES and XAFS, is performed at synchrotron radiation
facilities. Synchrotron radiation facilities provide intense and tunable X-ray beams. The
edges are named by which core electron is excited, for example, excitation of a 1s
electron is named K-edge, while excitation of a 2s or 2p electron is called L-edge.
Different characteristic features in main peak position, as well as in the number and
position of pre-edge or post-edge peaks can be read and used to identify different
phosphate compounds in the XANES spectra.
In this thesis, XAS measurements at ﬂuorescence yield (FYI) modes of P K-edge and Si
K-edge are performed on the soft X-ray micro characterization beamline (SXRMB) end
station at Canadian Light Source (CLS) with powder samples. SXRMB is equipped with
a double-crystal monochromator with two sets of interchangeable crystals, InSb (111)
and Si(111) and the operating energy range is from 1.7 to 10 keV.

3.2.5

Solid-state nuclear magnetic resonance (SS-NMR)

NMR spectroscopy is a type of principal technique, which is used to obtain a variety of
molecules information about electronic, chemical, physical, and structural, by analyzing
the chemical shift of the resonance frequencies of the nuclear spins in the test samples.
Detailed and even quantitative information can be collected by NMR spectroscopy to
analyze the three-dimensional structure, functional groups and dynamics in both solid and
solution state. In the NMR process, signal occurs if the oscillation frequency matches the
nuclei intrinsic frequency. On the other hand, microscopic diffusion parameters,
including mobile ions hopping rates and single ion jumps activation barriers can be
collected by NMR relaxometry. So here to study the mechanism and ion migration in
NASICON electrolytes, NMR was conducted to characterize the Na dynamics at different
Na sites.
In this thesis, 23Na MAS NMR spectra are acquired on an ultra-wide bore 900 MHz NMR
spectrometer at the National High Magnetic Field Lab (NHMFL) using a home-made
transmission line 3.2 mm MAS probe with a spinning rate of 10 kHz. Single pulse
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experiment is used after 11µs pulse irradiation with Magic-angle spinning rates of 10
kHz.

23

Na spin-lattice relaxation time (T1) measurements,

29

Si, and

31

P MAS NMR

spectra acquired on an AVANCE-400 Bruker spectrometer (9.4T) working at 105.9
MHz, 79.5 MHz and 162.0 MHz respectively. A 4mm Bruker MAS probe is employed
for magic-angle spinning (MAS) experiments with spin rates of 12 KHz.

Figure 3.10 Nuclear magnetic resonance system of Bruker AvanceШ 400M
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Chapter 4

4

Probing the ion diffusion dynamics/mechanisms and
electronic structure of highly conductive sodium-rich
Na3+xLaxZr2-xSi2PO12(0≤x≤0.5)
sodium
solid-state
electrolytes: a combination of NMR and XAS studies*

Solid-state electrolytes (SSEs) have attracted considerable attentions as an alternative for
liquid electrolytes in sodium batteries to improve safety and durability. Among all SSEs,
NASICON type SSEs, typically Na3Zr2Si2PO12, have shown great promise due to their
high ionic conductivity and low thermal expansivity. Doping La into the NASICON
structure can even further elevate the ionic conductivity by an order of magnitude to
several mS/cm. However, the underlying mechanism of the ionic transportation
enhancement of La doping has not yet been fully disclosed. Herein, we fabricate a series
of Na3+xLaxZr2-xSi2PO12 (0 ≤ x ≤ 0.5) SSEs. The electronic and local structures of
constituent elements are studied via synchrotron-based X-ray absorption spectroscopy
(XAS), and the ionic dynamics and Na-ion conduction mechanism are investigated by
solid-state nuclear magnetic resonance (SS-NMR). The effects of various amount of La
doping are compared. The results prove that La3+ ions exist in forms of phosphate
impurities such as Na3La(PO4)2 instead of occupying the Zr4+ site in the NASICON
structure. As a result, the increased Si/P ratio in the NASICON phase, accompanied by an
increase in sodium ion occupancy, makes a major contribution to the enhancement of
ionic conductivity. The spin-lattice relaxation time study confirms the accelerated Na+
motions in the altered NASICON phase. Modifications on the Si/P composition can be a
promising strategy to enhance the ionic conductivity of NASICON.

* A version of this chapter has been submitted to Chemistry of Materials, under review
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4.1

Introduction

Rechargeable batteries are regarded as the most promising energy storage technology
because of their reliability and high energy conversion efficiency. Although Li-ion
batteries (LIBs) have been widely used in portable electronic devices, Na-ion batteries
(NIBs) are considered as the most potential candidate to replace LIBs due to their nontoxicity, low cost, and elemental abundance.[1-6] Solid-state electrolytes (SSEs) are an
ultimate component for NIBs, because conventional liquid electrolytes (LEs) still inherit
concerns of flammability and potential leakage. SSEs are expected to improve the
durability and safety as well as simplify the cell design for future NIBs. Eventually, allsolid-state NIBs using high-voltage cathodes and Na metal anodes are projected to
achieve even higher energy densities than LE based NIBs [7,8].
Among the Na-ion conducting SSEs, NA Super-Ionic CONductor (NASICON) with a
general formula of Na1+nZr2SinP3-nO12 (1.6 ≤ n ≤ 2.4), has attracted the most attentions
due to its high ionic conductivity and low thermal expansivity [9-16]. The NASICON
structure, first reported by Hong and Goodenough et al. [17], generally consists of a rigid
three-dimensional network of ZrO6 octahedral and PO43-/SiO44- tetrahedral sharing
corners. The interconnected channels in this framework provide efficient conduction
pathways for Na+ ions (Figure 4.1a). Although the original form of Na3Zr2Si2PO12
already exhibits a high ionic conductivity of 10-4 S/cm at room temperature, over the past
decades, constant efforts have been dedicated to further improve its ionic conductivity for
feasible electrochemical performance [8-13,16]. A common approach to modify the
NASICON is so-called element substitution with heteroatoms such as Zn, Sc, Ce, Zr, La,
etc. La is one of the most effective substitution elements reported for NASICON that
pushes the ionic conductivity to the order of 10-3 S/cm [8]. However, the dynamics and
ionic conducting mechanism of NASICON Na3+xLaxZr2-xSi2PO12 (0≤x≤0.5) are not yet
clear.
In order to understand the mechanism of the ionic conductivity enhancement by La
doping in NASICON, we use synchrotron-based soft X-ray absorption spectroscopy
(XAS) to study the electronic and local structure of P and Si elements and solid-state
nuclear magnetic resonance (SS-NMR) relaxometry to investigate the Na+ transport in
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the La-doped NASICON. A series of Na3+xLaxZr2-xSi2PO12 (denoted as NLZSPx, where 0
≤ x ≤ 0.5) are prepared to disclose the effects of La doping concentration. We find that
the performance of La-doped NASICON SSEs is highly correlated to the diffusion
parameters such as activation barriers for single-ion jumps and hopping rates of Na+ ions.
The understanding on the ionic conducting mechanism and Na+ migration in La doped
NASICON can be of great guiding significance for further improving the ionic
conductivity in similar electrolytes.

4.2

Experimental section

Materials synthesis: Nominal composition La-doped NASICON Na3+xLaxZr2-xSi2PO12 (x
= 0, 0.1, 0.2, 0.3, 0.4, and 0.5) SSEs, which are denoted as NLZSPx (x = 0, 0.1, 0.2, 0.3,
0.4, and 0.5), were synthesized by a sol-gel method. NaNO3 (≥99.0%, Sigma-Aldrich),
La(NO3)3•6H2O (≥99.99%, Sigma-Aldrich),
Si(OC2H5)4

(tetraethyl

orthosilicate,

≥98%,

NH4H2PO4 (≥98%, Sigma-Aldrich),
Sigma-Aldrich),

and

C12H28O4ZR

(zirconium(IV) propoxide solution, 70 wt. % in 1-propanol, Sigma-Aldrich) were used as
the starting materials with citric acid as a chelating agent. Firstly, a mixture of tetraethyl
orthosilicate, zirconium (IV) propoxide solution, citric acid, ethanol, and H 2O was stirred
at 60 oC overnight. Secondly, 10% excessive NaNO3 and 10% excessive NH4H2PO4 were
dissolved in deionized water and then added to the previous solution. The collosol was
heated at 70 oC and stirred until a dried gel was obtained, which required several hours.
Then, the obtained dry xerogel was first calcined in air at 500 oC for 2 h and then 1050 oC
for 10 h. The calcined powder was grounded and pressed into pellets (diameter 13 mm,
thickness 1 mm) and sintered at 1250 oC for 12 h. White ceramic pellets with a diameter
between 11.2–11.5 mm and a thickness of around 0.9 mm can be obtained after sintering.
The pellets obviously shrunk compared to those before sintering. Na3La(PO4)2 was
synthesized by heating the mixture of NaNO3 and La(NO3)3•6H2O at 700 oC for 12 h.
Materials characterizations: Crystal structure and phase composition of the NLZSPx (x
= 0, 0.1, 0.2, 0.3, 0.4, 0.5) SSEs were characterized via X-ray diffraction (XRD) using
D8 Advance (Bruker Co.) with Cu Kα X-ray source in the range of 10-70°with a step of
0.01° per seconds. The scanning electron microscopy (SEM) images and energy
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dispersive spectroscopy (EDS) mappings were collected using a Hitachi 4800 SEM
equipped with EDS detector. The working voltage for the EDS mapping was 20 kV.
Electrochemical measurements: The ionic conductivity of NLZSPx (x=0, 0.1, 0.2, 0.3,
0.4, 0.5) SSEs was measured by electrochemical impedance spectroscopy (EIS). Nyquist
plots were recorded by a Gamry Electrochemical system in the frequency range between
100 mHz and 100 kHz with an AC voltage of 5 mV. Au electrodes were coated on the
NLZSPx pellets by sputtering before conductivity measurement.
XAS measurements at ﬂuorescence yield (FYI) modes of P K-edge and Si K-edge were
performed on the soft X-ray micro characterization beamline (SXRMB) end station at
Canadian light source (CLS) with powder samples. SXRMB is equipped with a doublecrystal monochromator with two sets of interchangeable crystals, InSb (111) and Si(111)
and the operating energy range is from 1.7 to 10 keV. All XAS spectra were normalized
to the incident photon ﬂux and calibrated with standard compounds.
NMR Experiments:

23

Na spin-lattice relaxation time (T1) measurements as well as

29

Si

and 31P magic angle spinning (MAS) NMR spectra were acquired on a Bruker AVANCE
III 400 MHz spectrometer at Larmor frequencies of 105.9 MHz, 79.5 MHz, and 162.0
MHz, respectively. The chemical shifts of

23

Na,

29

Si, and

31

P are calibrated using 1M

NaCl (0 ppm), Trimethylsilyl propanoic acid (0 ppm), and Ammonium dihydrogen
phosphate (1 ppm), respectively. A 4 mm Bruker MAS probe was employed for the
measurements at a spinning rate of 12 kHz.
inversion recovery experiments. The

29

23

Si and

Na T1 values were determined by using
31

P NMR spectra were recorded using

single pulse with π/4 pulse lengths of 3 us and 4.8 us and repetition times of 120 s and
150 s, respectively.

23

Na MAS NMR spectra were also acquired on an ultra-wide bore

900 MHz NMR spectrometer at the National High Magnetic Field Lab (NHMFL) using a
home-made transmission line 3.2 mm MAS probe1 at a spinning rate of 10 kHz.

4.3

Results and discussions

Crystal structure and microstructure of the ceramic electrolytes
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A series of Na3+xLaxZr2-xSi2PO12 (denoted as NLZSPx, where 0 ≤ x ≤ 0.5) SSEs were
synthesized by a sol-gel method. The NLZSPx pellets were sintered at 1250°C and
polished before use. Figure 4.1b shows the X-ray diffraction (XRD) patterns of the
NLZSPx SSEs. Major crystalline NASICON phase and minor crystalline Na3La(PO4)2
impurity phase, and weak diffractions from La2O3 and LaPO4 impurity phases were
observed. Overall, with an increasing La content, the peaks ascribed to Na3La(PO4)2
became more intense relative to the NASICON peaks, indicating the increasing contents
of the impurity phases. The formation of the Na3La(PO4)2 phase took over part of the
La3+ ions that were supposed to substitute the Zr4+ sites in the NASICON structure,
meanwhile extracting some P component from the NASICON phase[8]. Figure 4.1c and
1d carefully compare the XRD patterns in selected regions. The XRD peaks at 19.1 and
30.5°for the undoped NLZSP0 slightly shifted to higher angles as upon La doping, while
the XRD peaks at 19.5 and 34.2°shifted to lower angles along with the increasing of La
content. These observations indicate that the crystalline structure of the NSLSPx samples
gradually changed as a result of the removal of P from the NASICON main phase to the
phosphate impurity phases [10, 18]. Zhang et al. reported that the lattice parameters a and
b of the monoclinic structure increase while c decreases with La3+ substitution [8]. In
addition, for NLZSP0.5 with a high La doping content, two additional weak peaks (2θ =
28.1 and 31.4°) related to monoclinic ZrO2 appeared. The formation of ZrO2 impurity is
common in synthesis of NASICON-structured SSEs and difficult to avoid [18-24]. The
effects and roles of the impurity phases will be discussed in later sections.
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Figure 4.1 (a) Schematic of a general NASICON structure. (b) XRD patterns of
NLZSPx (x=0, 0.1, 0.2, 0.3, 0.4, 0.5); (c) and (d) are magnified views of selected
regions.
The microstructures of NLZSP0 and NLZSP0.3 were observed by scanning electron
microscope (SEM). The NLZSP0 SSE showed a typical NASICON feature as cubic
particles with sides approximately 1-2 μm (Figure 4.2a). In comparison, as shown in
Figure 4.2b, two distinct phases with different morphologies were observed in the
NLZSP0.3 sample, where the Na3La(PO4)2 impurity phase was buried in the middle of
the La-doped NASICON cubes The EDS mappings of NSZSP0.3 confirmed the
distribution of the two phases (Figure 4.2c-h). While both the NASICON phase and the
Na3La(PO4)2 impurity phase shared common elements of Na, La, P, and O, the Si
element which primarily present in the NASICON phase can clearly depict the
distributions of the two phases. The irregularly shaped phase in the middle was confirmed
as the impurity phase by the absence of Si signal. The intense La signals from the
impurity region supported the claim that La3+ ions participated in the formation of
phosphate impurity phases rather than replacing Zr4+ in NASICON structure, which is
consistent with the XRD results above.
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Figure 4.2 SEM images of (a) NLZSP0 and (b) NLZSP0.3. Corresponding EDS
mappings of (c) Na, (d) La, (e) Zr, (f) P, (g) Si, and (h) O elements. The dashed line
in (b) traces the boundary between the NASICON and Na3La(PO4)2
Moreover, based on the fact that the formation of the Na3La(PO4)2 impurity phase
extracted some P components from the NASICON phase, the atomic ratios between Si
and P elements in resulted NASICON phase of the NLZSPx samples must be different
from that of the original NLZSP0. For verification, Si/P atomic ratios for NLZSP0 and
NLZSP0.3 were calculated based on EDS analyses on the respective NASICON phases
(Figure S4.1). The Si/P ratio in NASICON phase increased from the original 2:1 to
around 3:1 for NLZSP0.3, confirming the loss of P component upon La doping.
Ionic conductivity of the NLZSP SSEs
The ionic conductivities of the undoped NLZSP0 and the La doped NLZSPx (x = 0.1,
0.2, 0.3, 0.4, 0.5) were measured by electrochemical impedance spectroscopy (EIS). Au
thin films were deposited on both sides of the SSE pellets by sputtering as the blocking
electrodes. Figure 4.3a compares the temperature dependent ionic conductivities of the
NLZSP0 and NLZSPx SSEs from 25 to 100 oC. All SSEs exhibited Arrhenius behaviors
over the temperature range, based on the good linear fit between the logarithmic ionic
conductivities and the reciprocal of temperatures. Generally, a higher La doping content
led to a higher overall ionic conductivity until beyond NLZSP0.3. As shown in the
Figure 4.3b, the NLZSP0.3 SSE demonstrated the smallest impedance and thus the
optimal ionic conductivity among the NLZSPx SSEs at 25 oC. The NSLSP0.3 possessed
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a room-temperature ionic conductivity (1.34×10-3 S/cm) almost three times higher than
that of the undoped NLZSP0 (4.89×10-4 S/cm), where the ionic conductivity of NLZSP0
at 25 oC was comparable with the reported values [8-13, 16]. The impedance spectra for
NLZSP0 and NLZSP0.3 over the full temperature range are shown in Figure 4.3c and
4.3d.

Figure 4.3 Temperature dependent ionic conductivities for the different NLZSPx (x
= 0, 0.1, 0.2, 0.3, and 0.4) SSEs over the temperature range from 25 to 100 oC. (a)
Arrhenius plots of nominal composition NLZSPx (x=0, 0.1, 0.2, 0.3, and 0.4)
between 25 and 100 oC. (b) Impedance spectra of NLZSPx (x=0, 0.1, 0.2, 0.3, 0.4,
and 0.5) at 25 oC; the inset is a magnified view of the low impedance region.
Impedance spectra of (c) NLZSP0 and (d) NLZSP0.3 at different temperatures.
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X-ray absorption spectroscopy (XAS) analysis of NLZSPx SSEs
P K-edge and Si K-edge X-ray absorption near edge structure (XANES) analyses were
performed for different La doped NLZSPx SSEs to understand the chemical
environments electronic states of P and Si elements in the different resulted NASICON
phases (Figure 4.4). No such information was available prior to this work. The K-edge
X-ray absorption near edge structure (XANES) originates from transitions of the 1s core
level of an absorbing element to excited vacant states of proper symmetry involving the
element valence orbitals. XANES provides information of oxidation state and local
symmetry. The XANES of a series of standard phosphate compounds has been recorded
and they show characteristic features in the main peak whiteline) position as well as in
the number and position of pre-edge and post-edge peaks that can be used to identify
phosphate species in the XANES spectra. [25] Figure 4.4a shows the normalized P Kedge XANES spectra of the La-doped NLZSP0.1, NLZSP0.3, and NLZSP0.5 SSEs
together with the reference spectra of the undoped NLZSP0 and impurity Na3La(PO4)2
for comparison. The whiteline energy occurs near 2153.2 eV in all the P K-edge XANES,
which can be assigned to a transition of the P 1s electron into an unoccupied valence
electronic state formed by the overlap of P sp3 hybrid- and O 2p-orbitals because the
PO4-group has a Td-symmetry. A broader peak occurring at around 2169 eV is due to
oxygen multiple scattering of the tetrahedral first shell nearest neighboring oxygen in the
PO4-group [26-29]. It can be seen that, when x increases, it is accompanied by the red
shift of the white-line peak position，both the white-line peak and the pre-edge around
2150 eV slightly decreases gradually, which is due to structural change of the NASICON
phase, such as parameter, ligand-field, centrosymmetry or spin-states. These changes
indicate a small distortion as the initially perfect sp3 becomes distorted. In addition, the
characteristic peak of impurity Na3La(PO4)2 starts to appear and becomes stronger
gradually.
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Figure 4.4 (a) P K-edge and (b) Si K-edge XANES spectra for NLZSP0.1,
NLZSP0.3, and NLZSP0.5 SSEs and the reference NLZSP0 SSE and Na3La(PO4)2.
Corresponding LCF analysis for (c) NLZSP0.1, (d) NLZSP0.3, and (e) NLZSP0.5.
(f) Fitted content of three reference samples including NLZSP0, Na3La(PO4)2, and
Na3.25Zr2Si2.25P0.75O12.
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In order to determine the composition and understand the composition evolution of the
La-doped NASICON phase and the Na3La(PO4)2 impurity phase in the NLZSPx SSEs,
we conducted liner compound fitting (LCF) analyses on the XANES spectra for
NLZSP0.1, NLZSP0.3, NLZSP0.5 (Figure 4.4c-f) on Athena. LCF is a model of fitting a
linear combination of standard spectra to an unknow spectra. Since the EDS results show
that the content ratio of Si and P changed from 2:1 to 3:1, we synthesized NASICON
solid-state electrolyte with a chemical formula of Na3.25Zr2Si2.25P0.75O12, then LCF
analysis

with

three

reference

samples

of

NLZSP0,

Na3La(PO4)2

and

Na3.25Zr2Si2.25P0.75O12. The LCF results demonstrated good fitting among the three
reference materials. Figure 4.4f summaries and compares the LCF results of the three
NLZSPx SSEs. Upon an increasing La doping content, the NLZSP0 content gradually
decreases accompanied by an increase in the Na3La(PO4)2 and Na3.25Zr2Si2.25P0.75O12
contents.
Figure 4.4b shows the Si K-edge XANES spectra of the undoped NLZSP0 and the Ladoped NLZSP0.1, NLZSP0.3, and NLZSP0.5 SSEs. The spectral features were
unchanged in terms of energy position and shape, indicating that the electronic states and
local structure of Si remained relatively undisturbed in the NASICON SSEs with or
without La doping (impurity formation). The XANES analyses, are consistent with the
XRD, SEM and EDS mapping results. Instead of substituting the Zr4+ sites in the
NASICON structure, the “doped” La3+ ions tend to extract the PO43- units from the
NASICON phase to form phosphate impurities (e.g. Na3La(PO4)2), thus altering the Si/P
atomic ratios in NASICON phase changes but retaining the unchanged Si component.
Solid-state nuclear magnetic resonance (SS-NMR)
SS-NMR was employed to study the local structures of different nuclei and Na+
dynamics at different Na sites in the NASICON materials.

23

Na MAS NMR spectra

(Figure 4.5a) were recorded at 21.1 T magnetic field for a high resolution. With an
increasing La doping content, the broad peak at around -10 ppm gradually increased in
intensity, suggesting the continuous formation of a new phase with the addition of La.
Correlating with the XRD and XANES results, this new phase should be attributed to
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Na3La(PO4)2.

Figure 4.5 (a) 23Na MAS NMR spectra of NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5)
acquired at 21.1T. (b) 31P MAS NMR spectra of NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4,
0.5); peaks marked by * indicate the impurities. (c) 29Si MAS NMR spectra of
NLZSPx (x=0, 0.1, 0.2, 0.3, 0.4, 0.5).
Figure 4.5b shows the

31

P MAS NMR spectra of NLZSPx with different La doping

content. A strong peak at around -11 ppm is assigned to the NASICON phase. In the
spectrum of NLZSP0, the weak peaks between 0-7 ppm are assigned to the impurity
phases formed during the synthesis process. With the addition of La, two new peaks at
around 3.0 ppm and 1.2 ppm were observed, which are assigned to Na3La(PO4)2, whose
31

P MAS NMR spectrum is shown in Figure S4.2. With more La doping, the content of

the NASICON phase decreased, but the Na3La(PO4)2 content increased. Beyond
NLZSP0.3 (i.e. NLZSP0.4 and NLZSP0.5), the Na3La(PO4)2 phase eventually became
the main component in NLZSPx samples (Figure S4.3). Furthermore, the

23

Na T1

measurement on pure Na3La(PO4)2, was performed to understand its transport property,
yielded a T1 value of 2 s , implying the presence of a very slow ionic motion in
Na3La(PO4)2 (Figure S4.4), in accordance well with the impedance results. Therefore, the
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enhanced ionic conductivity of the La doped NASICON material was actually not due to
the generation of Na3La(PO4)2.
When considering the influence of La doping on the NASICON phase, we notice that the
chemical shift and the content of the NASICON phase varied with the formation of
Na3La(PO4)2. Figure 4.5(b) and 4.5(c) show that both of

31

P and

29

Si chemical shifts of

the NASICON phase shifted to lower field with increasing content of La doping in the
NLZSPx materials, suggesting that the electron spin densities decreased around the
nuclei. The results demonstrated that Na+ occupancy increased with La doping, giving
rise to the biases of the electron spin density on the oxygen atom toward sodium ions,
which is in consistent with previous reports [18] deriving the same conclusion for Scdoping NZSP materials by DFT calculations. In addition, the

29

Si MAS NMR spectra

indicated no evidence for Si-containing impurity. However, the formation of
Na3La(PO4)2 upon La doping still changed the proportion of Si to P in the NASICON
phase of the NLZSPx SSEs.
Measurements of the

23

Na T1 provide an in-depth insight into the ionic motion of Na+

ions. For NASICON materials, a smaller T1 value indicates faster movement of the
studied nucleus at room temperature [30]. Figure 4.6 shows the fitting results. All
magnetization recovery trajectories could be well described using two relaxation
components. The component (blue line) having a larger portion with faster ionic motion
was attributed to the NASICON phase, while the other (red line) was assigned to the
impurity phase Na3La(PO4)2. The results showed that, with the increasing of addition
amount of La3+, the content of the NASICON phase declined with the increasing content
of impurity phase. This was in accordance with the 31P MAS NMR and XANES results.
More importantly, the

23

Na T1 value of the NASICON phase reached the minimum for

NLZSP0.3, demonstrating the fastest ionic motion and proving the ionic conductivity
results. In the view that NMR is sensitive to the bulk ionic motion, the results verified
that La doping had no effect on the ionic motion in the NASICON phase. Beyond
NLZSP0.3, the Na3La(PO4)2 component dominated in NLZSPx material, causing a
decline in ionic conductivity due to the sluggish motion of Na+ in Na3La(PO4)2.
Therefore, we conclude that the formation of Na3La(PO4)2 caused an atomic ratio of Si to
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P greater than 2 in the NASICON phase, resulting in a charge unbalance based on our 31P
and 29Si MAS NMR spectra. This charge unbalance must be compensated by introducing
more Na+ ions, thus forming a Na-rich NASICON phase with faster ionic motion than
that of non-modified samples.

Figure 4.6 (a) The fitting results of T1 relaxation time for NLZSPx (x = 0, 0.1, 0.2,
0.3, 0.4, and 0.5). (b) Normalized contents of the NASICON phase and the impurity
Na3La(PO4)2
Crystal structure and ionic conducting property of Na3.25Zr2Si2.25P0.75O12
Based on the conclusion that the unbalanced Si/P ratio (more specifically, SiO4- to PO43ratio) had led to a favorable Na-rich NASICON phase in the NLZSPx SSEs, we
intentionally synthesized a pure NASICON sample with an offset Si/P ratio,
Na3.25Zr2Si2.25P0.75O12. The XRD results in Figure 4.7a show that NLZSP0 and
Na3.25Zr2Si2.25P0.75O12

shared

the

same

crystal

structure;

a

mixture

of

Na3.25Zr2Si2.25P0.75O12 and a small amount of Na3La(PO4)2 actually yielded an XRD
pattern highly similar to that of the NLZSP0.3 sample. Impedance spectra of the pure
Na3.25Zr2Si2.25P0.75O12 and the Na3La(PO4)2 added Na3.25Zr2Si2.25P0.75O12 exhibited
similarly small impedances as the NLZSP0.3 at 25 oC, and correspondingly a high ionic
conductivity of 1.34×10-3 S/cm. This confirmed that an increased Si/P ratio and enhanced
Na+ occupancy for NASICON SSEs can lead to improved ionic conductivities.
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(a)

(b)

Figure 4.7 (a) XRD patterns and (b) Impedance spectra of the different NLZSP
SSEs.

4.4

Conclusions

Different amounts of La doping are projected to form a series of La-doped NACISON
structures of Na3+xZr2-xLaxSi2PO12 (0 ≤ x ≤ 0.5), where an x value of 0.3 yields an optimal
ionic conductivity of 1.34×10-3 S/cm at 25 oC. However, based on the XRD, SS-NMR,
and XANES analyses, these “La-doped” NASICON SSEs are found to consist of mainly
a Na-rich NASICON phase and a Na3La(PO4)2 phase. The resulted Na3La(PO4)2 content
increased along with the increasing La content, which meanwhile altering Si/P ratio in the
NASICON phase. The

31

P and

29

Si MAS NMR spectra reveal a Si/P ratio to be greater

than 2 in the NASICON phase. The charge unbalance leads to an increase in Na+
occupancy. The measurements of spin-lattice relaxation time confirm the accelerated Na+
ionic motions in the Na-rich NASICON phase rather than the sluggish Na3La(PO4)2
phase, verifying an optimal x of 0.3. An intentionally synthesized Na-rich
Na3.25Zr2Si2.25P0.75O12 with an offset Si/P ratio also achieve a similarly high ionic
conductivity in the order of 10-3 S/cm at 25 oC. XANES linear combination fitting
confirmed the important the important presence of the Na-rich phase. Despite the efforts
of La doping into the NASICON structure for improving ionic conductivity, direct
alteration of Si/P ratio in the NASICON structure can be a promising and efficient
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strategy for developing advanced NASICON SSEs without ionic sluggish impurities.
This provides new opportunities for high-performance SSEs for solid-state sodium
batteries.
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4.7 Support information

Figure S4.1. SEM of NLZSP0 (a) and NLZSP0.3 (b), EDS analysis of NLZSP0 (c) and
NLZSP0.3 (d), Quantitative results of NLZSP0 (e) and NLZSP0.3 (f)
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Figure S4.2. 31P MAS NMR spectra of NLZSP0.5 and Na3La(PO4)2. ＊denote the
impurities.

Figure S4.3. Quantitative results of 31P MAS NMR spectra.
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Figure S4.4. The fitting results of T1 relaxation time of Na3La(PO4)2.
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Chapter 5

5

The origin of high ion conductivity of Sc-doped sodiumrich NASICON solid-state electrolyte*

Substitution of liquid electrolyte with solid-state electrolytes (SSEs) has emerged as a
very urgent and challenging research area of rechargeable batteries. NASICON
(Na3Zr2Si2PO12) is one of the most potential SSEs for Na ion battery due to its high ion
conductivity and low thermal expansion. It was proved that the ion conductivity of
NASICON can be improved to 10-3 Scm-1 by Sc-doping, back of which the mechanism,
however, has not been fully understood. Herein a series of Na3+xScxZr2-xSi2PO12
(0≤x≤0.5) SSEs were prepared. To gain a deep insight into the ion transportation
mechanism, synchrotron-based X-ray absorption spectroscopy (XAS) was employed to
characterize the electronic structure and solid-state nuclear magnetic resonance (SSNMR) was used to analyze the dynamics. In this study, Sc was successfully doped into
Na3Zr2Si2PO12 to substitute Zr atoms. The re-distribution of sodium ions at certain
specific sites was proven to be critical for sodium ion movement. For x ≤0.3, the
promotion of sodium ion movement is attributed to sodium ion concentration increase at
the Na2 sites and decrease at the Na1 & Na3 sites. For x > 0.3, the inhibition of sodium ion
movement is due to the phase change from monoclinic to rhombohedral and an
increasing impurity content.

* A version of this chapter has been submitted to Journal of Materials Chemistry A,
under review.
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5.1 Introduction
With superior reliability and energy conversion efficiency, rechargeable batteries can be
one of the most promising storage technologies for sustainable energy. Na-ion batteries
(NIBs) are considered as one of the best candidates to compete with the most developed
Li-ion batteries (LIBs) due to their low price, non-toxicity, and abundance. [1-6] To
improve safety and durability, as well as simplify the cell design, substituting the
flammable liquid electrolytes with solid-state electrolytes (SSEs) has gained increasing
attention. Moreover, solid-state NIBs can enable the usage of Na metal anode and high
voltage cathodes to achieve higher energy density [7,8].
Among different sodium ion based SSEs, NA Super-Ionic CONductor (NASICON) with
a general formula of Na1+nZr2SinP3-nO12 (1.6 ≤ n ≤ 2.4), has gained the most attention due
to its high ionic conductivity and low thermal expansion [9-16]. The NASICON
structure, first reported by Hong and Goodenough et al [17], consists of a rigid threedimensional network with P/SiO4 tetrahedral and ZrO6 octahedral sharing the corners.
The interconnected channels of the framework serve as the conduction pathway for Na+
ions (Figure 5.1a). In general, the ionic conductivity of Na3Zr2Si2PO12 is in the level of
10-4 S/cm. To further improve it, many efforts have been made in past decades [8-13,16].
One of the most efficient way is element substitution by using elements including Zn, Ce,
Zr, Sc, etc. Sc was reported to significantly improve the ionic conductivity of NASICON
to the scale of 10-3 S/cm [10]. Sc3+ has an ionic radius of 0.0745 nm, which is the closest
to that of Zr4+ (0.072 nm), however, the dynamics and mechanism of the impact of Sc
doping on NASICON have not been thoroughly understood. A recent study using NMR
to analyze Sc-doping on a sodium-poor NASICON Na3ScxZr2-xSi2PO12 phase. [18] The
sodium-poor Na3ScxZr2-xSi2PO12 phases in this study showed relatively low ionic
conductivities (around 10-4 S/cm). Another recent study investigated the ionic conducting
mechanism of one sodium-rich, Sc doped NASICON [19]. Nonetheless, the detailed
understanding from a comprehensive evolution in the series of sodium-rich NASICON
Na3+xScxZr2-xSi2PO12 (0≤x≤0.5) is still in its infancy.
In this work, in order to achieve a thorough understanding of the mechanism of sodiumrich Sc doped NASICON phase with high ionic conductivity of 10-3 S/cm, synchrotron-
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based X-ray absorption spectroscopy (XAS) and solid-state nuclear magnetic resonance
(SS-NMR) relaxometry were carried out to examine the electronic and local structure of
elements such as P, Si and Sc, as well as the Na+ ion transport. Diffusion parameters
including hopping rates of Na+ ions and activation barriers for single ion jumps that are
directly related to the performance of these solid-state electrolytes are analyzed as well.
Insight on the mechanism and ion migration in the NASICON electrolyte can be of
significance in further improving the ionic conductivity of various solid-state electrolytes
in the future.

5.2 Experimental
Materials synthesis: Nominal compositions of Na3+xScxZr2-xSi2PO12 (x=0, 0.1, 0.2, 0.3,
0.4, 0.5), henceforth denoted as NSZSPx (x=0, 0.1, 0.2, 0.3, 0.4, 0.5), were synthesized
by a sol-gel method using NaNO3 (≥99.0%, Sigma-Aldrich), Sc2O3 (≥99.9%, SigmaAldrich), NH4H2PO4 (≥98%, Sigma-Aldrich), Si(OC2H5)4 (tetraethyl orthosilicate, ≥98%,
Sigma-Aldrich), C12H28O4ZR (zirconium(IV) propoxide solution, 70 wt. % in 1-propanol,
Sigma-Aldrich) as the starting materials, and citric acid as a chelating agent. First a
mixture of tetraethyl orthosilicate, zirconium (IV) propoxide solution, citric acid, ethanol,
and H2O was stirred under 60 oC overnight. Then Sc2O3 was subjected to ultrasound in
deionized water, 10% excessive of NaNO3 and 10% excessive of NH4H2PO4 and were
dissolved into deionized water and then added to the previous solution. Afterwards, the
collosol was heated at 70 oC and always keeping stirring until a dried gel was achieved
for several hours. Then, the dry xerogel thus obtained was first calcined in air at 500 oC
for 2 h and then at 1050 oC for 10 h. The calcined powder was grounded and pressed into
pellets (diameter 13 mm, thickness 3.5 mm) and sintered at 1250 oC for 12 h. White
ceramic pellets with a diameter between 11.2–11.5 mm and a thickness of around 3.2 mm
can be obtained after sintering, demonstrating a considerable amount of shrinkage postsintering.
Materials characterization: The crystal structure and phase composition of NSZSPx
(x=0, 0.1, 0.2, 0.3, 0.4, 0.5) were investigated via the X-ray diffraction (XRD) using D8
Advance by Bruker with Cu Kα X-ray source in the range of 10–70°with a step of 0.01°
per seconds. The scanning electron microscopy (SEM) pictures and energy dispersive
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spectrometer (EDS) mapping were taken using Hitachi 4800 SEM equipped with EDS
detector. The working voltage employed for EDS mapping was 20kV.
XAS measurements at ﬂuorescence yield (FYI) modes of P K-edge, Si K-edge and Sc Ledge were performed on the soft X-ray micro characterization beamline (SXRMB) end
station at Canadian light source (CLS) with powder samples. SXRMB end station is
equipped with a double-crystal monochromator with two sets of interchangeable crystals
under an operating energy range from 1.7 to 10 keV. All the XAS spectra were
normalized to the incident photon ﬂux and calibrated with the standard compound.
Electrochemical measurement: The ionic conductivity of NSZSPx (x=0, 0.1, 0.2, 0.3,
0.4, 0.5) was measured by electrochemical impedance spectroscopy (EIS). Au electrodes
were coated on the NSZSPx pellets by sputtering before conductivity measurement.
Nyquist plots were recorded by a Gamry Electrochemical system in the frequency range
of 100 mHz and 100 kHz with an AC voltage of 5 mV.
NMR Experiments:23Na MAS NMR spectra were acquired on an ultra-wide bore 900
MHz NMR spectrometer at the national high magnetic field lab (NHMFL) using a homemade transmission line 3.2 mm MAS probe with a spinning rate of 10 kHz. Single pulse
experiment was used after 11µs pulse irradiation with Magic-angle spinning rates of 10
kHz.

23

Na spin-lattice relaxation time (T1) measurements,

29

Si, and

31

P MAS NMR

spectra acquired on an AVANCE-400 Bruker spectrometer (9.4T) working at 105.9
MHz, 79.5 MHz and 162.0 MHz respectively. A 4mm Bruker MAS probe was employed
for magic-angle spinning (MAS) experiments with spin rates of 12 KHz. The

23

Na T1

time was determined using inversion recovery experiment. The chemical shift of

23

Na

was referenced to aqueous 1M NaCl solution (0 ppm). 29Si and 31P signals were recorded
using direct polarization with a pulse length of 3 µs and 2.25 µs pulse. The chemical
shifts of

29

Si and

31

P were referenced to Trimethylsilyl propanoic acid (0 ppm) and

Ammonium dihydrogen phosphate (1 ppm). Recycle delays of 5 × T1 were used for all
experiments.
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5.3 Results and discussion
Crystal structure & morphology of the ceramic electrolytes
Na3+xScxZr2-xSi2PO12 (denoted as NSZSPx, where 0 ≤ x ≤ 0.5) SSEs were synthesized by
a sol-gel method. Based on the XRD result shown in Figure 5.1b, the NASICON-type
phase Na3+xScxZr2-xSi2PO12 is the major crystalline phase of all the NSZSPx samples,
while the diffraction peaks shift to lower 2 angles with increasing x. Two small
diffraction peaks at 28.1°and 31.4°indicates the formation of monoclinic ZrO2 impurity
which is inevitable during the synthesis of NASICON SSEs, [20-25]. More importantly,
since no diffraction peak of any Sc-related impurities can be found in the XRD pattern. it
is demonstrated that Sc has been successfully doped into the NASICON structure, which
is consistent with some previous studies [10, 18].

Figure 5.1 (a) Schematic of a general NASICON structure. (b) XRD patterns of
NSZSPx (x=0, 0.1, 0.2, 0.3, 0.4, 0.5); (c) and (d) are magnified views of selected
regions.
With increasing Sc doping, the diffraction peaks at 19.1°and 30.5°slightly shift to higher
angles (Figure 5.1c), while those at 19.5°and 34.2°shift to lower angles (Figure 5.1d).
These observations suggest that the increasing Sc-doping also change the crystal
parameters, that is, from monoclinic phase to rhombohedral phase [10, 17]. Ma et al.
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reported that the lattice parameters a and b of the monoclinic structure increases while c
decreases with Sc3+ substitution. For the rhombohedral structure, cell parameter a
increases while c decreases. These changes might be caused by the radius difference
between Zr4+(0.072 nm) and Sc3+(0.0745 nm), and the increased Na+ concentration in the
formula unit of sodium-rich Na3+xScxZr2-xSi2PO12.
Scanning electron microscope (SEM) was used to compare the microstructures of
NSZSP0 (Figure 5.2a) and NSZSP0.3 (Figure 5.2b). The NASICON grain sizes of both
are around 1-2 μm. The result of EDS mapping on NSZSP0.3 reveals that the distribution
of elements including Sc, Na, Zr, Si, P, and O are all quite uniform (Figure 5.2c-h). This
also indicates that Sc has been successfully doped into the NASICON structure, which is
consistent with the XRD results.

Figure 5.2 SEM images of (a) NSZSP0 and (b) NSZSP0.3. Corresponding EDS
mappings of (c) Zr, (d) Sc, (e) O, (f) P, (g) Na, and (h) Si elements.
Ionic conductivity of NSZSPx solid electrolytes
The ionic conductivity of pristine NSZSP0 and doped NSZSPx (x= 0.1, 0.2, 0.3, 0.4, 0.5,
0.6) at different temperatures were measured by electrochemical impedance spectroscopy
(EIS). An Au thin film as blocking electrodes was deposited on both sides of the
electrolyte pellets by sputtering. Figure 5.3a and Figure 5.3b compare the Nyquist plots
of the pristine NSZSP0 and the doped NSZSPx (x= 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) at 25 oC
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and 100 oC, respectively. Figure 5.3c shows the impedance of NSZSP0.3 from 25 oC to
100 oC. The total conductivity of NSZSP0.3 and NSZSP0.4 is almost 4 times higher than
that of the pristine NSZSP0 at 25 oC. The NSZSP0 exhibits an ionic conductivity of
4.9×10-4 Scm-1 at 25 oC, which is comparable with previous results. [8-13, 16] With
increasing amounts of Sc doping, the total ionic conductivity at 25 oC goes up to 1.9×10-3
Scm-1 at x = 0.3 and 0.4. Then, the further increase of Sc doping leads to a decrease in
total ionic conductivity. Arrhenius plots of the total ionic conductivity for NSZSP0 and
NSZSPx electrolytes are shown in Figure 5.3d. The logarithm values of ionic
conductivities are linear with 1/T within the temperature range of 25-100 oC. The total
ionic conductivity of NSZSP0.3 can go up to 1.1×10-2 Scm-1 at 100 oC.

Figure 5.3 Temperature dependent ionic conductivities for the different NSZSPx (x
= 0, 0.1, 0.2, 0.3, and 0.4) SSEs over the temperature range from 25 to 100 oC. (a)
Impedance spectra of NSZSPx (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) at 25 oC (b)
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Impedance spectra of NSZSPx (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) at 100 oC; the inset is
a magnified view of the low impedance region. (c) Impedance spectra of NLZSP0.3
at different temperatures. (d) Arrhenius plots of nominal composition NSZSPx (x=0,
0.1, 0.2, 0.3, and 0.4) between 25 and 100 oC.
X-ray absorption spectroscopy (XAS) analysis of NSZSPx solid electrolytes
In order to unveil the mechanism of increasing ionic conductivity of the Sc doped
NASICON, P K-edge, Si K-edge, and Sc L3,2-edge X-ray absorption spectroscopy (XAS)
has been utilized for the first time to investigate the chemical environment of different
elements and electronic state of NSZSPx electrolytes in the conduction band (Figure
5.4). The K-edge X-ray absorption near edge structure (XANES) originates from
transitions of the 1s core level of an absorbing element to excited vacant states of proper
symmetry involving the element p orbitals (dipole select ion rules), hence the energy of
the edge jump threshold and the peak intensity at the edge jump (often called the white
line) are characteristic of the chemical environment, which is often understood by being
compared with the standard samples. The different standard phosphate compounds have
characteristic features in main peak position as well as in the number and position of preedge and post-edge peaks that can be used to identify phosphate species in the XANES
spectra. [26]

86

Figure 5.4 (a) P K-edge XANES spectra for NSZSP0.2, NSZSP0.4, and NSZSP0.6
SSEs and the reference NSZSP0 SSE. (b) A magnified view of the low photo energy
region in P K-edge spectra. (c) Si K-edge XANES spectra for NSZSP0.2, NSZSP0.4,
and NSZSP0.6 SSEs and the reference NSZSP0 SSE. (d) Sc L-edge XANES spectra
for NSZSP0.2, NSZSP0.4 SSE.
Figure 5.4a and Figure 5.4b show normalized P K-edge XANES spectra of NSZSPx
electrolytes with increasing x from 0 to 0.6. The main white line energy occurred near
2153.2 eV in all the P K-edge XANES can be assigned to a transition of the P 1s electron
into an unoccupied valence electronic state formed by the overlap of P sp3 hybrid- and O
2p-orbitals because the PO4-group has Td-symmetry. A broader peak occurred at around
2169 eV due to multiple scattering of the tetrahedral, first shell nearest oxygen neighbors
in the PO4-group [27-30]. All spectra, including NSZSP0, NSZSP0.2, NSZSP0.4, and
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NSZSP0.6 almost entirely overlap. A tiny variation on the left shoulder is due to a minute
quantity of impurity containing P, which is confirmed by the following SS-NMR
analysis. It can be seen that, with an increasing x, both the white line peak and the preedge around 2500 eV decreases gradually, which is due to the structural change of
NASICON e.g. parameter, ligand-field, centrosymmetry or spin-states. These changes
indicate a small distortion as the initially perfect sp3 becomes distorted.
For Si K-edge (Figure 5.4c), all spectra overlap well with no apparent new peak or peak
shift, implying that Si local structure is essentially intact. The slight variation of Si Kedge may be caused by the change of secondary structure beyond the first sphere as seen
in the XRD analysis. The P K-edge and Si K-edge XANES analysis indicates that there is
no apparent change on the electronic states of P and Si. Most P and Si occupy the center
of the tetrahedron in NSZSPx, as is apparent from the similarity of the XANES for both
elements in the tetrahedral environment of oxygen. In addition, Sc L3,2-edge spectra
(Figure 5.4d) clearly intensified along with the increasing Sc doping amount. These
spectra probe the unoccupied d states (2p3/2,1/2 to 3d5/2,3/2 transitions) with strong
perturbation from spin orbit coupling and Oh crystal field effects. Meanwhile, no shift of
these peaks or appearance of any new peak prove no impurities containing Sc in
NSZSPx. The XANES analysis, which is also consistent with XRD, SEM and EDX
mapping results, indicated that the Sc had been successfully doped in to NASICON to
substitute Zr, leading to the observed structure change.
Solid-state nuclear magnetic resonance (SS-NMR)
Solid-state nuclear magnetic resonance (SS-NMR) is a powerful tool to investigate the
local structure and microscopic diffusion parameters such as hopping rates of mobile ions
and activation barriers for single ion jumps, with a time scale slower than X-ray
absorption. To study the mechanism and ion migration in NASICON, NMR was
conducted to characterize the local structure and the Na dynamics at different Na sites.
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Figure 5.5 (a) 23Na MAS NMR spectra of NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5)
acquired at 21.1T. (b) 31P MAS NMR spectra of NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and
0.5) at 9.4T; peaks marked by * indicate the impurities. (c) 29Si MAS NMR spectra
of NSZSPx (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) at 9.4T.
Multinuclear

23

Na,

31

P and

29

Si MAS NMR spectra are shown in Figure 5.5a, 5.5b and

5.5c, respectively. High field 23Na MAS NMR spectra clearly show two signals centered
at the -10.5 ppm (peak 1) and -7.5 ppm (peak 2) for all compositions, as indicated
through deconvolution shown in Figure 5.6. Peak 1 can be assigned to the main phase,
which contains all three sodium sites which cannot be resolved by ultrahigh magnetic
field, signaling the fast exchange between these three sodium sites in the NSZSPs lattice.
Peak 2 (centered at 7.5 ppm) shows a tiny integral intensity (10%), it does not correspond
to any sodium sites within the NSZSP0 lattice. Thus, Peak 2 is ascribed to impurity
phase. No significant change in the spectra line-shape was observed until x is larger than
0.3. After that, at around 0 ppm, a slightly broaden line shape was observed, suggesting
that the local structure of the Na+ ion has changed with excessive scandium ions.
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Figure 5.6 (a)-(f) The deconvolution results of 23Na MAS NMR spectra of NSZSPx
(x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) obtained at 21.1T.
In the 31P MAS NMR spectra of NSZSPx (x=0, 0.1, 0.2, 0.3, 0.4, 0.5), each line contains
two peaks centered at -11 ppm and 6 ppm. The strong peak at -11 ppm is ascribed to the
main phase of NSZSP0, while the small peaks (ranged from -5 ppm to 10 ppm) are
assigned to the impurities formed during the synthesis.

31

P and 23Na MAS NMR spectra

indicate that no significant change in line shape when x≤0.3, while for x>0.3 samples, the
impurity-peak increases in 31P MAS NMR spectra, with a new signal emerging at around
0 ppm in

23

Na MAS NMR spectra, suggesting that increasing the contents of scandium

ions could cause the formation of more impurities. However, no impurity is found in the
29

Si NMR spectra, suggesting complete incorporation of Si into the main phase.

Therefore, the multinuclear NMR spectra demonstrated that Sc can be easily doped into a
crystal lattice in a x≤0.3 regime. However, in a x>0.3 regime, the formation of impurities
that only consist of Na and P suggest that Sc may be difficult to incorporate into the main
phase.
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Figure 5.7 (a) The fitting results of T1 relaxation time for NSZSPx (x = 0, 0.1, 0.2,
0.3, 0.4, and 0.5). (b) Relative contents of the impurities, Na1&Na3, and Na2 in the
NSZSPx (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5).
T1 relaxometry is a common method to study the ionic motion in solid-state electrolyte.
For most solids, the smaller value of T1 denotes a faster movement of the nucleus studied.
The inversion recovery experiment was herein performed to probe the dynamics of
sodium ions. The curves of integral intensity against the delay time were deconvoluted by
three components, according to the different T1 values, namely SLOW (S), FAST (F) and
Ultraslow (US). All curves are well fitted with these three components. Figure 5.7
shows the specific fitting results.
T1(US) value is around 10-2 s, which is much bigger than the others (~10-4 s),
demonstrating that the US component has a much slower motion of sodium ions.
Furthermore, the ratio of this component is relatively small (10%). This ratio is the same
as the contents of impurities from

23

Na and

31

P quantitative results (Figure S5.2).

Therefore, the US component is assigned to the impurities. The other two components
correspond to different sodium ions in the main phase of NASICON. In order to further
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understand the mechanism of Sc-doping, we attribute these two components to different
crystallographic sites: (1) from the XRD refinements results, the occupancy of different
crystallographic sites of sodium ions is 1:1:1 in NSZSP0, while the ratio of the F
component and the S component is about 2:1. It seems that there are two sodium sites
overlap in the F component. (2) as for local structure, Na1 and Na3 have the same
coordination number with 6 oxygen atoms while Na2 has 8 oxygen atoms. Thus, Na1 and
Na3 have the same coordination number and may overlap in one component. (3) Park et
al. [21] reported that the smallest transport bottleneck of sodium ions in NSZSP0 is close
to the Na2 sites, which restrains the mobility of Na2. Based on these three aspects
discussed above, we ascribe the S component to Na2 sites and the F component to the
overlap of Na1 & Na3 sites. Specific assignments are shown in Figure 5.7.
In addition, Figure 5.7a shows T1(Na2) and T1(Na1 & Na3) reach the minimum at x=0.3,
representing that the transport of sodium ions is enhanced when x≤0.3, and then
restrained. Therefore, the best composition is Na3.3Sc0.3Zr1.7Si2PO12. It is noteworthy that
the integral intensity also behaves normally for the main phase, which demonstrate that
the incorporation of Sc affects the distribution of sodium ions at different chemical sites,
resulting in more Na+ with a faster transfer rate at favorable sites. In the x≤0.3 regime,
with Sc3+ incorporating into NSZSP0, the excess Na ions prefer occupying the Na2 sites,
as seen from the increase of Na2 integral intensity. At the same time, the contents of
sodium ions in Na1&Na3 sites decrease. This means that Sc doping has caused a different
distribution of sodium ions within the NSZSP0 structure. This is also found in Li-based
NASION-type solid-state electrolyte LATP, in which this distribution caused by element
doping is considered as the true reason for the enhancement of ionic conductivity.
In the x>0.3 regime, the T1 time increases for all three components, indicating that the
sodium ion motion slows down with excessive Sc3+, which is consistent with the EIS
results. Figure 5.7b shows that the amount of Na2 declines while Na1 & Na3 rise.
Combined with XRD results, a phase change occurred when x>0.3 can give rise to this
discrepancy in different chemical sites. Ma et al. [10] have done XRD refinements on Scdoping NSZSP0, which show that the phase change from monoclinic phase to
rhombohedral phase can lead to a decline in Na2 occupancy. This result is consistent with
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the T1 fitting results reported here. Thus, it is reasonable to connect the decline in Na2
occupancy with the phase change.
Based on the above analysis, we ascribe the enhancement of ionic motion to the
distribution of sodium ions at different sites. At solid-solution area (x≤0.3), Sc-doping
brings excessive sodium ions which prefer occupying Na2 sites, decreasing the amount of
Na1 & Na3. After x=0.3, the phase change causes the occupancy of Na2 to decrease again,
along with the increase in Na1&Na3 occupancy. Such a mechanism makes the optimal
sodium ion ratio appear at x = 0.3, which has the fastest ion mobility.
Compared to the previously reported sodium-poor Sc-doped NASICON, our results are
different in terms of ionic conductivity. A much higher ionic conductivity can be
achieved herein with different stoichiometry [18, 19]. Accordingly, it can be concluded
that the number and distribution of Na ions, as well as phase structure are very important
parameters to optimize for further increased ionic conductivity of NASICONs.

5.4 Conclusion
In this work, the influence of Sc3+ substitution on the local structures as well as the ionic
motion of sodium ions has been revealed by XANES and solid-state nuclear magnetic
resonance (SS-NMR) study on a series of sodium-rich Sc-doped NASICON SSEs. XRD
and XANES analysis showed that Sc had been successfully doped in to NASICON to
substitute Zr atoms, leading to a slight structural change. The NMR signals corresponding
to Na2, Na1 & Na3, and impurities were resolved by fitting the spin-lattice relaxation time
(T1). It is determined that the distribution of sodium ions at different sites is directly
responsible for the changes in ionic motion. In samples with x ≤0.3, the reason for the
acceleration of sodium ion movement is attributed to the increase of sodium ions at the
Na2 sites and accompanying decrease at the Na1 & Na3 sites. For x > 0.3, the motion
becomes sluggish because of the dramatic change in the distribution of sodium ions,
which is caused by a phase change from monoclinic phase to rhombohedral phase.
Insight on the mechanism and ion migration in the NASICON electrolyte can be of
significance to inspire future study on sodium ion based SSEs and solid-state batteries.
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5.7 Support information
S5.1 The specific fitting equation as follows:

I0 denotes the normalized intensity of equilibrium, R is the integral intensity of different
components. A represent the efficiency of inversion.
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Figure S5.2. Impurity-contents from different characterization methods.
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Chapter 6

6

Significantly enhanced ionic conductivity of NASICON
solid state electrolyte by Bismuth doping*

Solid state sodium ion batteries are regarded as promising power sources with improved
safety and durability by replacing the liquid electrolytes with solid-state electrolytes
(SSEs). NASICON type SSEs, such as Na3Zr2Si2PO12, have shown great promise due to
their low thermal expansivity and high ionic conductivity of 10-4 S/cm. Herein, we for the
first time report doping a novel choice of Bi element into the NASICON structure is
found to be able to significantly elevate the ionic conductivity to several mS/cm. A series
of Na3+xBixZr2-xSi2PO12 (0 ≤ x ≤ 0.5) SSEs were fabricated for comparison, and the
electronic and local structures of constituent elements are studied via synchrotron-based
X-ray absorption spectroscopy. The results show that increasing Bi doping leads to
higher ionic conductivity until Na3.3Bi0.3Zr1.7Si2PO12, and beyond which, the conductivity
decreases again. Bi3+ ions extract some P component from the basic NASICON phase to
form phosphate impurities such as Na3Bi(PO4)2, instead of occupying the Zr4+ site in the
NASICON structure. The lattice parameters of NASICON phase have changed upon Bi
doping. Accordingly, Si/P ratio in the NASICON main phase has increased, accompanied
by an increase in sodium ion occupancy, making a major contribution to the enhancement
of ionic conductivity.

*A version of this chapter is to be submitted.
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6.1 Introduction
Rechargeable batteries are among the most promising energy storage technologies
because of their reliability and high energy conversion efficiency. Sodium ion batteries
(NIBs), as an alternative to Li ion batteries (LIBs), have attracted much attention in
recent years, due to their non-toxicity, low cost, and elemental abundance of sodium,
especially for the potential applications in large‐scale energy storage systems [1-6]. In
NIBs, conventional liquid electrolytes (LEs) still inherit concerns of flammability and
potential leakage, therefore, solid-state electrolytes (SSEs) are developed and regarded as
an ultimate strategy for NIBs. SSEs for their intrinsic inflammability and wider electrical
chemical window, are expected to improve the durability and safety as well as simplify
the cell design for future NIBs. Eventually, all-solid-state NIBs will enable the usage of
Na metal anode and high-voltage cathodes to achieve higher energy densities than LE
based NIBs [7,8].
NA Super-Ionic CONductor (NASICON) with a general formula of Na1+nZr2SinP3-nO12
(1.6 ≤ n ≤ 2.4), has attracted the most attention due to its high ionic conductivity and low
thermal expansivity among Na-ion conducting SSEs [9-16]. The NASICON structure,
first reported by Hong and Goodenough [17], featured by a 3D network channels
comprising PO43-/SiO44- tetrahedra that share the pocket corners with ZrO6 octahedra for
Na ion diffusion, which can potentially present high ionic conductivity (Figure 6.1a).
Although the original form of Na3Zr2Si2PO12 already exhibits a high ionic conductivity of
10-4 S/cm at room temperature, further improving inherent ionic conductivity is still
attractive. In addition, reducing the large interfacial resistance between solid electrolyte
and electrode materials for feasible electrochemical performance is also interesting [813,16]. Over the past few decades, a very common approach to modify the NASICON is
so-called element substitution. Although there have been tremendous reports on doping
various elements to NASICON structures, yet few elements have shown the ability to
boost the ionic conductivity of NASICON SSE to the scale of 10-3 S/cm except for Sc
and La, which are effective in improving the ionic conductivity by one order of
magnitude [8]. However, the cost of Sc is relatively high, so that it is necessary to
develop new and economical approaches to improve ionic conductivity.
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Herein, Bismuth (Bi) was firstly discovered as a valid substitution element which could
push the ionic conductivity of NASICON to the scale of 10-3 S/cm. The trivalent Bi3+
(1.03 Å) was selected to substitute Zr4+ (0.72 Å) because of its larger ionic radius, and
Bi3+ was expected to increase Na+ occupation and to enlarge the channels for Na+ ion
transportation in NASICON structure. The “Bi-doped” NASICON SSEs are found to
consist of mainly a Na-rich NASICON phase and a Na3Bi(PO4)2 phase. Synchrotronbased soft X-ray absorption spectroscopy (XAS) was used to study the electronic and
local structure of P and Si elements that XANES linear combination fitting (LCF)
confirm the important presence of the Na-rich phase. Direct alteration of Si/P ratio in the
NASICON structure provides new opportunities for high-performance SSEs for solidstate sodium batteries. This study of Bi doped NASICON can be of great guiding
significance for further improving the ionic conductivity in similar solid-state
electrolytes.

6.2 Experimental section
Materials synthesis: Nominal composition Bi-doped NASICON Na3+xBixZr2-xSi2PO12 (x
= 0, 0.1, 0.2, 0.3, 0.4, and 0.5) SSEs, which are denoted as NBZSPx (x = 0, 0.1, 0.2, 0.3,
0.4, and 0.5), were synthesized by a sol-gel method. NaNO3 (≥99.0%, Sigma-Aldrich),
Bi(NO3)3•5H2O
Si(OC2H5)4

(≥99.99%,

(tetraethyl

Sigma-Aldrich),

orthosilicate,

≥98%,

NH4H2PO4 (≥98%,
Sigma-Aldrich),

Sigma-Aldrich),

and

C12H28O4ZR

(zirconium(IV) propoxide solution, 70 wt. % in 1-propanol, Sigma-Aldrich) were used as
the starting materials with citric acid as a chelating agent. Firstly, a mixture of tetraethyl
orthosilicate, zirconium (IV) propoxide solution, citric acid, ethanol, and H2O was stirred
at 60 oC overnight. Secondly, Bi(NO3)3•5H2O, 10% excessive NaNO3 and 10% excessive
NH4H2PO4 were dissolved in deionized water and then added to the previous solution.
The collosol was heated at 70 oC and stirred until a dried gel was obtained, which
required several hours. Then, the obtained dry xerogel was first calcined in air at 500 oC
for 2 h and then 1050 oC for 10 h. The calcined powder was grounded and pressed into
pellets (diameter 13 mm, thickness 1 mm) and sintered at 1250 oC for 12 h. White
ceramic pellets with a diameter between 11.2-11.5 mm and a thickness of around 0.9 mm
can be obtained after sintering. The pellets obviously shrunk compared to those before
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sintering. Na3Bi(PO4)2 was synthesized by heating the mixture of NaNO3 and
Bi(NO3)3•5H2O at 500 oC for 10 h.
NaCrO2 was synthesized through a solid phase reaction. A stoichiometric ratio of
Na2CO3 (≥99.8%, Sigma-Aldrich) and Cr2O3 (≥99%, Sigma-Aldrich) were thoroughly
mixed by hand milling. An excess of 5 mol% Na2CO3 was used to compensate for the
loss of sodium due to its volatility at high reaction temperature. The powder was then
heated at 900 °C in Ar atmosphere for 10 h. The obtained samples were transferred to a
vacuum drying oven without air exposure. The PVdF-HFP (Poly(vinylidene fluoride-cohexafluoropropylene)) gel polymer electrolyte films were prepared by a standard solution
cast technique. PVdF-HFP, NaClO4 and a mixture of EC (ethylene carbonate) /PC
(polycarbonate) were first dissolved in acetonitrile under continuous stirring to obtain a
homogeneous solution. The stirred solution was cast onto glass petri dishes and the
solvent was allowed to evaporate to obtain free-standing polymer films at the bottom of
the dishes. PVdF-HFP, EC and PC were obtained from Sigma Aldrich.
Materials characterizations: Crystal structure and phase composition of the NBZSPx (x
= 0, 0.1, 0.2, 0.3, 0.4, 0.5) SSEs were characterized via X-ray diffraction (XRD) using
D8 Advance (Bruker Co.) with Cu Kα X-ray source in the range of 10-110°with a step of
0.005°per seconds. GSAS software was employed to perform Rietveld analysis of the
obtained XRD data. The reﬁning parameters that were optimized included background
coeﬃcients; zero-shift; peak shape parameters; lattice parameters; the positional
parameters of each element; the fractional factors of Na1, Na2 and Na3; and isotropic
atomic displacement parameters (Uiso). During the reﬁnement, occupancy of Bi and Zr,
and occupancy of Si and P, were constrained to be stoichiometry, and the Uiso of all
elements was set to be equivalent. The scanning electron microscopy (SEM) images and
energy dispersive spectroscopy (EDS) mappings were collected using a Hitachi 4800
SEM equipped with EDS detector. The working voltage for the EDS mapping was 20 kV.
Electrochemical measurements: The ionic conductivity of NBZSPx (x=0, 0.1, 0.2, 0.3,
0.4, 0.5) SSEs was measured by electrochemical impedance spectroscopy (EIS). Nyquist
plots were recorded by a gamry electrochemical system in the frequency range between
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100 mHz and 100 kHz with an AC voltage of 5 mV. Au electrodes were coated on the
NBZSPx pellets by sputtering before conductivity measurement.
Electrochemical properties tests were carried out with CR2032 coin cells comprised of
the NaCrO2 cathode and a sodium metal anode. 1 M NaClO4 in PC:EC (50%:50%
volume ratio) and glass-fiber are used as liquid electrolyte (LE) and separator in
reference coin cells. A sandwich hybrid solid state electrolyte (SSE) made of NBZSP0.3
and PVdF-HFP gel polymer was used in the experimental coin cells. The cathodes were
fabricated by active material NaCrO2, black carbon and polyvinylidene fluoride (PVdF)
in a weight ratio of 8:1:1. The coin cells were assembled in an Argon filled glove box.
Charge/discharge measurements were performed on the Land 2001A battery test system.
All coin cells were cycled between 2.5 and 3.5 V vs. Na+/Na at room temperature.
XAS measurements at ﬂuorescence yield (FYI) modes of P K-edge and Si K-edge were
performed on the soft X-ray micro characterization beamline (SXRMB) end station at
Canadian light source (CLS) with powder samples. SXRMB is equipped with a doublecrystal monochromator with two sets of interchangeable crystals, InSb (111) and Si(111)
and the operating energy range is from 1.7 to 10 keV. All XAS spectra were normalized
to the incident photon ﬂux and calibrated with standard compounds.

6.3 Results and discussions
Crystal structure and microstructure of the ceramic electrolytes
The NASICON based SSEs were synthesized by a sol-gel method, after which the
electrolytes pellets were sintered at 1200-1250 oC and polished before use. A series of
Na3+xBixZr2-xSi2PO12 (denoted as NBZSPx, where 0 ≤ x ≤ 0.5) SSEs were synthesized for
comparison. The X-ray diffraction (XRD) patterns of the NBZSPx SSEs are shown in
Figure 6.1. It clearly shows the signature of crystalline NASICON phase, and minor
crystalline Na3Bi(PO4)2 impurity phase and weak diffractions from ZrO2 and Bi2O3
impurity phases were observed as well. As a whole, the peaks ascribed to Na3Bi(PO4)2
became more intense relative to the NASICON peaks with Bi content increases in
NBZSPx, indicating the increasing contents of the impurity phases. Undoubtedly, the
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formation of the Na3Bi(PO4)2 phase indicated that Bi3+ tended to form individual
impurity phases, instead of replacing Zr4+ in NASICON as it was supposed to be.
Meanwhile Na3Bi(PO4)2 phase extracted some P component from the basic NASICON
phase [8]. Figure 6.1b-d carefully compared the XRD patterns in selected regions. The
XRD peaks at 19.1 and 30.4°ascribed to undoped NZSP slightly shifted to higher angles,
while the peaks at 19.6 and 34.3° shifted to lower angles as upon Bi doping. These
observations indicate that the crystalline structure of the NBZSPx electrolytes gradually
changed as a result of the removal of P from the NASICON main phase to form the
Na3Bi(PO4)2 impurity phase [10, 18]. The crystal structure of these NBZSPx SSEs was
further analyzed by the Rietveld refinement using the structures of Na3Zr2Si2PO12,
Na3Bi(PO4)2 and ZrO2 as starting models (Table 6.1). Overall, the weight ratio of
Na3Bi(PO4)2 /Na3Zr2Si2PO12 increases from 0 to 0.117/0.827 as x increases from 0 to 0.4.
For the main NASICON structure of NBZSPx SSEs, the diﬀraction patterns can be
indexed using the space group C2/c for each composition. The lattice parameters a and b
of the monoclinic unit cell become larger while c decreases with Bi3+ substitution. The
lattice volume change caused by the higher Na ion occupancy and the removal of P,
enables a fast Na ion transportation. With the standard monoclinic Na3Zr2Si2PO12
stoichiometry, there are one Na1 site, two Na2 sites and one Na3 site per formula unit.
The Na+ positions and occupancies in the NASICON phase were shown in Table 6.1.
The overall Na ion occupancy increases with an increasing of Bi content. In addition, two
additional weak peaks (2θ = 28.1 and 31.4°) related to monoclinic ZrO2 were observed.
ZrO2 is a common impurity in synthesis of NASICON-structured SSEs and difficult to
avoid [18–24].
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Figure 6.1 (a) XRD patterns of NZSP and NBZSPx (x= 0.1, 0.2, 0.3, 0.4, 0.5), the
inset shows the schematic of a general NASICON structure; (b), (c) and (d) are
magnified views of selected regions.
Table 6.1 XRD refinement results for the NZSP and NBZSPx (x= 0.1, 0.2, 0.3, 0.4)
SSEs
Compound

NZSP

NBZSP0.1

NBZSP0.2

NBZSP0.3

NBZSP0.4

NASICON (wt%)

--

0.915

0.910

0.825

0.806

ZrO2(wt%)

--

0.055

0.046

0.070

0.053

Na3Bi(PO4)2(wt%)

0

0.030

0.044

0.105

0.141

Main Phase

C2/c

C2/c

C2/c

C2/c

C2/c

a

15.6532

15.6625

15.6756

15.6919

15.7221

b

9.0570

9.0618

9.0695

9.0800

9.0927

c

9.2142

9.2157

9.2117

9.2050

9.1941

Na1

0.28

0.36

0.35

0.48

0.48

Na2

1.20

1.10

1.14

1.12

1.37

Na3

0.47

0.54

0.48

0.49

0.44

Total Na

2.41

2.54

2.45

2.57

2.74

wRp (%)

0.77

6.42

6.61

8.17

9.66

The microstructures of NZSP (Figure 6.2a) and NBZSP0.3 (Figure 6.2b) are observed
by scanning electron microscope (SEM). Both of NZSP and NBZSP0.3 SSEs showed a
typical NASICON feature as cubic particles. The EDS mappings of NBZSP0.3 reveal
that all elements, including Na, Zr, Bi, Si, P, and O are evenly distributed in the selected
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view (Figure 6.2c-h). Moreover, EDS analyses on the NASICON phases (Figure S6.1)
werre conducted to calculate Si/P atomic ratios for NZSP and NBZSP0.3. Because some
P was extracted from the NASICON phase to form the Na3Bi(PO4)2 impurity phase, the
atomic ratios of Si and P elements in NBZSP0.3 must be different from that of the
original NZSP. It is verified that the Si/P ratio in NASICON phase increased from the
original 2:1 to around 3:1 for NBZSP0.3.

Figure 6.2 SEM images of (a) NZSP and (b) NBZSP0.3. Corresponding EDS mappings
of (c) Na, (d) Si, (e) Zr, (f) P, (g) O, and (h) Bi elements.
Ionic conductivity of the NBZSP SSEs
Electrochemical impedance spectroscopy (EIS) was used to measure the ionic
conductivities of the undoped NZSP and the Bi-doped NBZSPx (x = 0.1, 0.2, 0.3, 0.4,
and 0.5) at different temperatures. Before measurement, Au thin films were deposited on
both sides of the SSE pellets by sputtering as the blocking electrodes. Figure 6.3a
compares the impedance of NZSP and all NBZSPx SSEs at 25 oC. In general, an
increasing Bi doping content led to a smaller impedance until NBZSP0.3. The NBZSP0.3
SSE demonstrated the optimal room-temperature ionic conductivity of 1.34×10-3 S/cm,
which is almost three times higher than that of the undoped NZSP (4.89×10-4 S/cm),
where the ionic conductivity of NZSP at 25 oC was comparable with the reported values
[8-13, 16]. The impedance spectra for NZSP and NBZSP0.3 over the full temperature
range from 25 to 100 oC are shown in Figure 6.3b and 6.3c. The temperature dependent
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ionic conductivities of the NZSP and NBZSPx SSEs over the full temperature range were
compared in Figure 6.3d. All SSEs exhibited Arrhenius behaviors from 25 to 100 oC
based on the good linear fit between the logarithmic ionic conductivities and the
reciprocal of temperatures.

Figure 6.3 Temperature dependent ionic conductivities for the NZSP and NBZSPx
(x= 0.1, 0.2, 0.3, 0.4, 0.5) SSEs over the temperature range from 25 to 100 oC. (a)
Impedance spectra of NZSP and NBZSPx (x= 0.1, 0.2, 0.3, 0.4, 0.5) at 25 °C.
Impedance spectra of (b) NZSP and (c) NBZSP0.3 at different temperatures. (d)
Arrhenius plots of NZSP and nominal composition NBZSPx (x=0.1, 0.2, 0.3, 0.4 and
0.5) between 25 and 100 oC.
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Application in solid state sodium ion batteries
In order to compare the feasibility of Bi-doped NASICON in the application of solid state
sodium ion battery, NaCrO2/SSE/Na solid state battery was assembled for test. NaCrO2
has been investigated as one of the most promising cathodes for sodium ion batteries.
Herein NaCrO2 was successfully synthesized (XRD pattern of which is shown in Figure
S6.2, and a NaCrO2/SSE/Na solid state battery was constructed using metallic Na as
anode, nominal NBZSP0.3 as SSE and NaCrO2 as composite cathode. because it has a
poor contact between the electrode materials and SSEs, a PVdF-HFP based gel polymer
electrolyte layer was placed between the electrode materials and SSEs as shown in
Figure 6.4a (denoted as NaCrO2/Gel/SSE/Gel/Na). Meanwhile a liquid electrolyte based
battery NaCrO2/LE/Na and a gel polymer electrolyte based battery NaCrO2/Gel/Na were
also constructed for comparison.
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Figure 6.4 (a) Schematic representation assembled batteries. Specific
charge/discharge capacity and coulombic efficiency of (a) Liquid electrolyte based
cell, (b) Gel polymer electrolyte based cell and (c) Sandwich SSE (NBZSP0.3 and gel
polymer electrolyte) based cell. The inset show the charge/discharge curves of 1st
and 50th cycles for corresponding cells.
The charge/discharge curves of the three batteries operated at room temperature are
displayed in Figure 6.4b, 6.4c and 6.4d. The inset illustration depicts the
charge/discharge profiles for the 1st and 50th cycles. NaCrO2/Gel/SSE/Gel/Na delivers a
reversible capacity of over 100 mAhg−1 at cycling rate of 0.1 C after 8 cycles, and 99
mAhg−1 at cycling rate of 0.5 C after 20 cycles, which is comparable to that of
NaCrO2/LE/Na battery. With a cycling rate of 1 C, the reversible capacity of
NaCrO2/Gel/SSE/Gel/Na is maintained at 80 mAhg−1 after 160 cycles. At the same
current rate, the NaCrO2/LE/Na and NaCrO2/Gel/Na batteries delivered higher capacities
of 95 mAhg−1 and 91 mAhg−1. NaCrO2/Gel/SSE/Gel/Na can not work at high cycling rate
of 3 C due to the interface resistance and relatively slow ion transport through the solid
electrolyte at high rate, the reversible capacity is only 10 mAhg−1, and when the current
goes back to 1 C, the original capacity can be recovered.
X-ray absorption spectroscopy (XAS) analysis of NBZSPx SSEs
To understand the chemical environments and electronic states of P and Si elements in
the resulted NBZSPx SSEs, P K-edge and Si K-edge X-ray absorption near edge structure
(XANES) analyses were performed for different Bi-doped NBZSPx powder samples
(Figure 6.5). K-edge XANES is derived from the excitation of the 1s core electron of the
absorbing element into a previous unoccupied orbital with the proper symmetry (dipole
selection rules, 1s to 3p orbitals) associated with the elemental. XANES provides
information of oxidation state and local symmetry. Phosphate species can be identified by
studying characteristic features in the main peak (white-line) position, and in the number
and position of pre-edge and post-edge peaks in the XANES spectra [25]. Figure 6.5a
shows the normalized P K-edge XANES spectra of the undoped NZSP, Bi-doped
NBZSP0.2, NBZSP0.3, and NBZSP0.4 SSEs together with the impurity Na3Bi(PO4)2 for
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comparison. The white-line energy occurring near 2150 (shoulder) and 2153 eV in all P
K-edge XANES spectra, is due to a transition of the P 1s electron into an unoccupied
valence electronic state formed by the overlap of P sp3 hybrid- and O 2p-orbitals because
of the Td-symmetry of PO4-group (a1 and t2 symmetry, respectively). Another broader
peak occurred at around 2170 eV, which can be assigned to oxygen multiple scattering of
the nearest neighboring oxygen of tetrahedral first shell in the PO4-group [26-29].
Overall in P K-edge XANES spectra, with increasing Bi doping x, the white-line peak
position shifts to the lower energy gradually, which is accompanied by a decrease of the
white-line peak (t2) and the pre-edge around 2150 eV (a1). These changes indicate a local
structural change of the NASICON phase, such as parameter, ligand-field,
centrosymmetry or spin-states due to distortion from the Td symmetry. A small distortion
occurs as the initially perfect sp3 becomes distorted, changing the relative intensity of the
shoulder and the main peak. In addition, the characteristic peaks of impurity Na3Bi(PO4)2
start to appear and become stronger gradually with increasing x, and the trend is
consistent with the XRD results.
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Figure 6.5 (a) P K-edge and (b) Si K-edge XANES spectra for NBZSP0.2,
NBZSP0.3, and NBZSP0.4 SSEs and the reference NZSP SSE and Na3Bi(PO4)2.
Corresponding LCF analysis for (c) NBZSP0.2, (d) NBZSP0.3, and (e) NBZSP0.4.
(f) Fitted content of three reference samples including NZSP, Na3Bi(PO4)2, and
Na3.25Zr2Si2.25P0.75O12.
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Based on these results, liner compound fitting (LCF) analyses of the XANES spectra
were conducted using the Athena data analysis package in order to determine the
compositions and understand the composition evolution of the Bi-doped NASICON
phase and the Na3Bi(PO4)2 impurity phase in NBZSP0.2, NBZSP0.3, and NBZSP0.4
SSEs (Figure 6.5c-f). LCF is a specific model that fits a linear combination of standard
spectra to an unknown spectrum. In EDS results discussion, the content ratio of Si and P
has changed from 2:1 to 3:1, so herein NASICON solid-state electrolyte with a chemical
formula of Na3.25Zr2Si2.25P0.75O12 (content ratio of Si and P is 3:1) was synthesized, and P
K-edge XANES spectra of which is applied in LCF analysis together with other two
reference samples of NZSP and Na3Bi(PO4)2. The LCF results of NBZSP0.2, NBZSP0.3,
and NBZSP0.4 SSEs demonstrated good fitting among the three reference samples.
Figure 6.5f summaries and compares the LCF results of the three NBZSPx SSEs.
Generally, the contents of Na3Bi(PO4)2 and Na3.25Zr2Si2.25P0.75O12 increase gradually,
accompanied by a decreases in the NZSP content upon an increasing Bi doping content.
Si K-edge XANES spectra of the undoped NZSP and the Bi-doped NBZSP0.2,
NBZSP0.3, and NBZSP0.4 SSEs is shown in Figure 6.5b. The energy position and shape
remained unchanged for the NASICON SSEs with or without Bi doping. Such spectral
features indicate that the electronic states and local structure of Si remained intact upon
Bi doping and impurity formation. The XANES analyses of P K-edge and Si K-edge, are
consistent with the previous results of XRD, SEM and EDS mapping. The Si/P atomic
ratios in NASICON phase changes because some of the PO43- units from the basic
NASICON phase were extracted by the “doped” Bi3+ ions to form impurities of
Na3Bi(PO4)2, instead of substituting the Zr4+ sites, while the Si component remains
unchanged in the NASICON structure. This could explain why the crystal structure
remains essentially the same despite no Bi substitution at the Zr site and P depletion to
form the Na3Bi(PO4)2.
Crystal structure and ionic conducting property of Na3.25Zr2Si2.25P0.75O12
Based on the stoichiometric formula of NASICON (Na1+nZr2SinP3-nO12, 1.6 ≤ n ≤ 2.4),
the increased Si/P ratio leads to a favorable Na-rich NASICON phase in the NBZSPx
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SSEs. According to the above calculation and EDX analysis, it can be inferred that a Si:P
ratio of 3:1 may result a high ionic conductivity in this study, which leads to a n of 2.25
in Na1+nZr2SinP3-nO12. In order to explore the main cause for the improvement of ionic
conductivity, a specific NASICON sample with a Si/P ratio of 3:1, Na3.25Zr2Si2.25P0.75O12
and the impurity phase Na3Bi(PO4)2 were intentionally synthesized. The XRD results in
Figure 6.6a show that NZSP and Na3.25Zr2Si2.25P0.75O12 shared the same crystal structure
with some slight shift of main peaks; a mixture of Na3.25Zr2Si2.25P0.75O12 and a small
amount of Na3Bi(PO4)2 actually yielded an XRD pattern highly similar to that of the
NBZSP0.3 sample. Figure 6.6b shows the impedance spectra of the pure
Na3.25Zr2Si2.25P0.75O12, the Na3Bi(PO4)2 added Na3.25Zr2Si2.25P0.75O12 and NBZSP0.3. All
of three samples exhibited similarly small impedances at 25 oC, correspondingly a high
ionic conductivity of around 1.3×10-3 S/cm. This confirms that an increased Si/P ratio
(more specifically, SiO4- to PO43- ratio) and enhanced Na+ occupancy for NASICON
SSEs can lead to improved ionic conductivities. The diagrammatic sketch of Bi
substitution mechanism is shown in Figure 6.6c.
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Figure 6.6 (a) XRD patterns and (b) Impedance spectra of NZSP and different
NBZSP SSEs.

6.4 Conclusions
Bi is firstly found as a doping element in NASICON structure to elevate the ionic
conductivity to several mS/cm. A series of Bi-doped NACISON structures of Na3+xZr2xBixSi2PO12

(0 ≤ x ≤ 0.5) formed upon different amounts of Bi doping yields the

observation that an x value of 0.3 yields an optimal ionic conductivity of 1.34×10-3 S/cm
at 25 oC. Based on the XRD and XANES analyses, these resulted NASICON SSEs are
found to consist of mainly a Na-rich NASICON phase and a Na3Bi(PO4)2 impurity phase.
With increasing Bi content, the Na3Bi(PO4)2 content increases, and the lattice parameters
of NASICON phase changes. Meanwhile the Si/P ratio in the NASICON phase is
revealed to be greater than 2, accompanied by an increase in Na+ occupancy based on the
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charge unbalance. XANES linear combination fitting confirms the important presence of
the Na-rich phase. An intentionally synthesized Na-rich Na3.25Zr2Si2.25P0.75O12 with an
offset Si/P ratio also achieve a similarly high ionic conductivity in the order of 10 -3 S/cm
at 25 oC, proving that the altered Si/P ratio makes a major contribution to the
enhancement of ionic conductivity. The doped “Na3.3Zr1.7Bi0.3Si2PO12” based solid-state
battery (NaCrO2/Gel/SSE/Gel/Na) achieves a relatively good reversible capacity of 80
mAhg−1 after 160 cycles at a cycling rate of 1 C. Based on this study, modifications on
the Si/P composition of NASICON can be a promising and efficient strategy for
enhancing the ionic conductivity and developing advanced NASICON SSEs for solidstate sodium batteries in future.
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6.7 Support information

Figure S6.1. SEM of NZSP (a) and NBZSP0.3 (b), EDS analysis of NZSP (c) and
NBZSP0.3 (d), Quantitative results of NZSP (e) and NBZSP0.3 (f)
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Figure S6.2. XRD patterns of synthesized NaCrO2 cathode.
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Chapter 7

7

Elucidating the enhanced ion diffusion behavior and
electronic structure of highly conductive sodium-rich
Na3+2xZnxZr2-xSi2PO12 (0≤x≤0.5) solid-state electrolytes
via NMR and XAS*

Solid-state electrolytes (SSEs) are developed and regarded as promising component in
sodium ion battery because conventional liquid electrolytes (LEs) still inherit concerns of
flammability and potential leakage. NASICON type SSEs, typically Na3Zr2Si2PO12, has
attracted the most attention due to their high ionic conductivity and low thermal
expansivity. Many efforts have been done to further improve the inherent ionic
conductivity. Herein, we doped Zn into the NASICON structure and fabricate a series of
Na3+2xZnxZr2-xSi2PO12 (0 ≤ x ≤ 0.5) SSEs. The ionic conductivity can be further elevated
by an order of magnitude to several mS/cm. The electronic and local structures of
constituent elements are studied via synchrotron-based X-ray absorption spectroscopy
(XAS), and the ionic dynamics and Na-ion conduction mechanism are investigated by
solid-state nuclear magnetic resonance (SS-NMR). The effects of various amount of Zn
doping are compared. The results prove that Zn2+ ions exist in forms of phosphate
impurities such as Na9Zn3(PO4)5 instead of occupying the Zr4+ site in the NASICON
structure. As a result, the increased Si/P ratio in the NASICON phase, accompanied by an
increase in sodium ion occupancy, makes a major contribution to the enhancement of
ionic conductivity. The spin-lattice relaxation time study confirms the accelerated Na+
motions in the altered NASICON phase. Modifications on the Si/P composition can be a
promising strategy to enhance the ionic conductivity of NASICON.

*A version of this chapter is to be submitted.
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7.1 Introduction
Much of our technology including electronic devices and electric cars rely on
rechargeable batteries for energy due to their reliability and high energy conversion
efficiency. Although Li ion batteries (LIBs) have been widely used in our daily life, there are
increasing concerns regarding the sustainability of lithium sources because of their limited
availability and price increase. To mitigate these issues, Na ion batteries (NIBs) have
attracted much attention which are considered as the best candidate power sources in recent
years due to their non-toxicity, low cost, and elemental abundance [1-6]. In NIBs,
conventional liquid electrolytes (LEs) still pose a risk of potential leakage and
explosions, so recent research has focused on solid-state electrolytes (SSEs). SSEs are
regarded as an ultimate component for future NIBs that they are expected to improve the
durability and safety as well as simplify the cell design. Eventually, compared to LE
based NIBs, all-solid-state NIBs may achieve higher energy densities by using Na metal
anode and high-voltage cathodes [7,8].
Among various Na-ion conducting SSEs, NA Super-Ionic CONductor (NASICON), due
to the high ionic conductivity and low thermal expansivity, has attracted the most
attentions [9-16]. NASICON, with a general formula of Na1+nZr2SinP3-nO12 (1.6 ≤ n ≤
2.4), is firstly reported by Hong and Goodenough et al. [17] that it exhibits good roomtemperature conductivities, owing to the presence of a 3D network channels comprising
PO43-/SiO44- tetrahedra that share the pocket corners with ZrO6 octahedra for Na ion
diffusion (Figure 7.1a). Although the original form of Na3Zr2Si2PO12 already exhibits a
high ionic conductivity of 10-4 S/cm at room temperature, further improving its ionic
conductivity and reducing the large interfacial resistance between solid electrolyte and
electrode materials are still two main topics over the past decades to achieve feasible
electrochemical performance [8-13,16]. A common approach to modify the NASICON is
so-called element substitution. Some heteroatoms, such as Sc and La have been reported
to be effective substitution elements could improve the ionic conductivity by one order of
magnitude [8]. However, the cost of Sc doping is relatively high that it could not be used
extensively in actual production. Suffering from such disadvantages, it is necessary to
develop new approaches to achieve high ionic conductivity.
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Herein, a relatively cheap heteroatoms, Zn was applied as a valid substitution element
which could push the ionic conductivity of NASICON to 10-3 S/cm. The divalent Zn2+
was selected to substitute Zr4+ (0.072 nm) because of its close ionic radius (0.074 nm),
and Zn2+was expected to make more occupation of Na+ and to slightly enlarge the
channels for Na+ ion transportation in NASICON structure. To understand the
mechanism of the ionic conductivity enhancement by Zn doping in NASICON,
synchrotron-based soft X-ray absorption spectroscopy (XAS) was used to study the
electronic and local structure of P, Si and Zn elements and solid-state nuclear magnetic
resonance (SS-NMR) relaxometry was conducted to investigate the Na+ transport in the
Zn-doped NASICON. A series of Na3+2xZnxZr2-xSi2PO12 (denoted as NZZSPx, where 0 ≤
x ≤ 0.5) are prepared to disclose the effects of Zn doping concentration.

7.2 Experimental section
Materials synthesis: Nominal composition Zn-doped NASICON Na3+2xZnxZr2-xSi2PO12
(x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5) SSEs, which are denoted as NZZSPx (x = 0, 0.1, 0.2,
0.3, 0.4, and 0.5), were synthesized by a sol-gel method. NaNO3 (≥99.0%, SigmaAldrich), Zn(NO3)2•5H2O (≥99.99%, Sigma-Aldrich), NH4H2PO4 (≥98%, SigmaAldrich), Si(OC2H5)4 (tetraethyl orthosilicate, ≥98%, Sigma-Aldrich), and C12H28O4ZR
(zirconium(IV) propoxide solution, 70 wt. % in 1-propanol, Sigma-Aldrich) were used as
the starting materials with citric acid as a chelating agent. Firstly, a mixture of tetraethyl
orthosilicate, zirconium (IV) propoxide solution, citric acid, ethanol, and H2O was stirred
at 60

o

C overnight. Secondly, Zn(NO3)2•5H2O, 10% excessive NaNO3 and 10%

excessive NH4H2PO4 were dissolved in deionized water and then added to the previous
solution. The collosol was heated at 70 oC and stirred until a dried gel was obtained,
which required several hours. Then, the obtained dry xerogel was first calcined in air at
500 oC for 2 h and then 1050 oC for 10 h. The calcined powder was grounded and pressed
into pellets (diameter 13 mm, thickness 1 mm) and sintered at 1250 oC for 12 h. White
ceramic pellets with a diameter between 11.2-11.5 mm and a thickness of around 0.9 mm
can be obtained after sintering. The pellets obviously shrunk compared to those before
sintering. Na3Bi(PO4)2 was synthesized by heating the mixture of NaNO3 and
Zn(NO3)2•5H2O at 500 oC for 10 h.
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Materials characterizations: Crystal structure and phase composition of the NZZSPx (x
= 0, 0.1, 0.2, 0.3, 0.4, 0.5) SSEs were characterized via X-ray diffraction (XRD) using
D8 Advance (Bruker Co.) with Cu Kα X-ray source in the range of 10–110°with a step
of 0.005°per seconds. GSAS software was employed to perform Rietveld analysis of the
obtained XRD data. The reﬁning parameters that were optimized included background
coeﬃcients; zero-shift; peak shape parameters; lattice parameters; the positional
parameters of each element; the fractional factors of Na1, Na2 and Na3; and isotropic
atomic displacement parameters (Uiso). During the reﬁnement, occupancy of Zn and Zr,
and occupancy of Si and P, were constrained to be stoichiometry, and the Uiso of all
elements was set to be equivalent. The scanning electron microscopy (SEM) images and
energy dispersive spectroscopy (EDS) mappings were collected using a Hitachi 4800
SEM equipped with EDS detector. The working voltage for the EDS mapping was 20 kV.
Electrochemical Measurements: The ionic conductivity of NZZSPx (x=0, 0.1, 0.2, 0.3,
0.4, 0.5) SSEs was measured by electrochemical impedance spectroscopy (EIS). Nyquist
plots were recorded by a Gamry Electrochemical system in the frequency range between
100 mHz and 100 kHz with an AC voltage of 5 mV. Au electrodes were coated on the
NZZSPx pellets by sputtering before conductivity measurement.
XAS measurements at ﬂuorescence yield (FYI) modes of P K-edge and Si K-edge were
performed on the soft X-ray micro characterization beamline (SXRMB) end station at
Canadian light source (CLS) with powder samples. SXRMB is equipped with a doublecrystal monochromator with two sets of interchangeable crystals, InSb (111) and Si(111)
and the operating energy range is from 1.7 to 10 keV. All XAS spectra were normalized
to the incident photon ﬂux and calibrated with standard compounds.
23

Na, 29Si and 31P magic angle spinning (MAS) NMR spectra were acquired on a Bruker

AVANCE III 400 MHz spectrometer at Larmor frequencies of 105.9 MHz, 79.5 MHz,
and 162.0 MHz, respectively. A 4 mm Bruker MAS probe was employed for the
measurements at a spinning rate of 12 kHz.
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using saturation recovery experiments. The

29

Na T1 measurements were conducted by

Si and

31

P NMR spectra were recorded

using single pulse with π/4 pulse lengths of 3 us and 4.8 us and recycle delays of 120 s
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and 150 s, respectively. The chemical shifts of 23Na, 29Si, and 31P are calibrated using 1M
NaCl (0 ppm), Trimethylsilyl propanoic acid (0 ppm), and Ammonium dihydrogen
phosphate (1 ppm), respectively.

7.3 Results and discussions
Crystal structure and microstructure of the ceramic electrolytes
A sol-gel method was applied to synthesize the series of NASICON based SSEs,
Na3+2xZnxZr2-xSi2PO12 (denoted as NZZSPx, where 0 ≤ x ≤ 0.5). And all the electrolytes
pellets were sintered at 1200-1250°C and polished before use. Figure 7.1 shows the Xray diffraction (XRD) patterns of the NZZSPx SSEs. Mainly the signature of crystalline
NASICON phase, and minor crystalline ZrO2 impurity phase, as well as weak diffractions
from Na9Zn3(PO4)5 phases were observed. Generally, with Zn content increases in
NZZSPx, the peaks ascribed to Na9Zn3(PO4)5 became more intense relative to the
NASICON peaks, indicating the increasing contents of the impurity phases. It could be
deduced that instead of replacing Zr4+ in NASICON it was intented, the Zn2+ tends to
extract some P components from the basic NASICON phase to form the individual
impurity phases, Na9Zn3(PO4)5 [8]. As a result of the removal of P from the NASICON
main phase to the Na9Zn3(PO4)5 impurity phase, the crystalline structure of the NZZSPx
electrolytes gradually changed [10, 18]. Figure 7.1b and 7.1c carefully compare the XRD
patterns in selected regions of the NASICON phase. It was observed that the XRD peaks
at 19.1 and 30.4°ascribed to undoped NZSP slightly shifted to higher angles, while the
peaks at 19.6 and 34.3° shifted to lower angles upon Zn doping. Refinement on the
crystal structure of these NZZSPx SSEs was conducted by the Rietveld using the
structures of Na3Zr2Si2PO12 and ZrO2 as starting models (Table 7.1). Overall, the
diﬀraction patterns could be indexed using the Na3Zr2Si2PO12 model (C2/c) for each
composition for the main NASICON structure of NBZSPx SSEs. The lattice parameters
a and b of the monoclinic unit cell became larger while c decreased with Zn2+
substitution. The lattice volume change caused by the removal of P and a accompanying
higher Na ion occupancy, enabled a fast Na ion transportation in altered NASICON. The
sodium positions and occupancies of the NASICON phase was shown in Table 7.1. In
fact, with the standard Na3Zr2Si2PO12 stoichiometry, it contains one Na1 site, two Na2
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sites and one Na3 site in 1 formula unit of monoclinic crystals. Based on the refinement
results, with an increasing of Zn content, the overall Na ion occupancy increased
gradually, particularly at Na1 and Na3 sites. Finally, two additional weak peaks (2θ =
28.1 and 31.4°) related to monoclinic ZrO2 were observed. ZrO2 is a common impurity in
the synthesis of NASICON-structured SSEs and difficult to avoid [18–24].

Figure 7.1 (a) XRD patterns of NZSP and NZZSPx (x= 0.1, 0.2, 0.3, 0.4, 0.5), the
inset shows the schematic of a general NASICON structure; (b) and (c) are
magnified views of selected regions.
Table 7.1 XRD refinement results for the NZSP and NZZSPx (x= 0.1, 0.2, 0.3, 0.4)
SSEs
Compound

NZSP

NZZSP0.1 NZZSP0.2 NZZSP0.3 NZZSP0.4 NZZSP0.5

NASICON

--

0.921

0.918

0.907

0.926

0.901

ZrO2(%)

--

0.079

0.082

0.093

0.074

0.099

Main Phase

C2/c

C2/c

C2/c

C2/c

C2/c

C2/c

a

15.6532

15.6724

15.696

15.692

15.7366

15.8752

b

9.057

9.0691

9.0842

9.0815

9.1046

9.1656

(%)
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c

9.2142

9.2118

9.2057

9.2085

9.1935

9.1219

Na1

0.2762

0.4659

0.4864

0.4559

0.6276

1.0131

Na2

1.1965

1.0131

1.0351

0.9818

0.8401

1.1781

Na3

0.4691

0.6033

0.6101

0.6615

0.7922

0.731

Total Na

2.4109

2.6856

2.7417

2.7607

3.0521

3.6532

wRp (%)

0.77

8.03

8.55

9.23

11.61

17.8

The microstructures of NZSP and NZZSP0.3 were observed by scanning electron
microscope (SEM). Both NZSP and NZZSP0.3 SSEs showed a typical NASICON
feature as cubic particles with sizes of approximately 1-2 μm (Figure 7.2a and 7.2b).
Figure 7.2c-h showed the EDS mappings results of NZZSP0.3. It confirmed the
distribution of the two phases, main NASICON phase and Na9Zn3(PO4)5 impurity phase.
Both the NASICON phase and the Na9Zn3(PO4)5 impurity phase shared common
elements of Na, P, and O. The Si element primarily presented in the NASICON phase,
while Zn element primarily presented in the Na9Zn3(PO4)5 impurity phase, which could
clearly depict the distributions of the two phases. The phase in the middle was confirmed
as the impurity phase by the absence of Si signal. The intense Zn signals from the
impurity region supported the claim that Zn2+ extracted some P components from the
NASICON phase to form Na9Zn3(PO4)5 impurity phases rather than replacing Zr4+ in
NASICON structure. Based on these, the atomic ratios between Si and P elements in
resulted NASICON phase of the NZZSPx samples must be different from that of the
original NZSP. For verification, Si/P atomic ratios for NZSP and NZZSP0.3 were
calculated based on EDS analyses on the respective NASICON phases (Figure S7.1).
The Si/P atomic ratio in NASICON phase increased from the original 2:1 to around 2.5:1
for NZZSP0.3, confirming the loss of P component upon Zn doping. The role of the
altered Si/P ratio will be discussed in following sections.
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Figure 7.2 SEM images of (a) NZSP and (b) NZZSP0.3. Corresponding EDS
mappings of (c) Na, (d) Si, (e) Zr, (f) O, (g) P, and (h) Zn elements.
Ionic conductivity of the NZZSP SSEs
Electrochemical impedance spectroscopy (EIS) was conducted to measure the ionic
conductivities of the original NZSP and the Zn-doped NZZSPx (x = 0.1, 0.2, 0.3, 0.4, and
0.5) SSEs at different temperatures. Au thin films were deposited on both sides of the
SSEs pellets by sputtering as the blocking electrodes before measurement. The
impedance of NZSP and all NZZSPx SSEs at 25 oC are compared in Figure 7.3a.
Overall, an increasing Zn doping content led to a smaller impedance from NZSP to
NZZSP0.2. Then NZZSP0.2, NZZSP0.3 and NZZSP0.4 exhibited close impedance that
all of the three SSEs demonstrated the optimal room-temperature ionic conductivity of
around 3×10-3 S/cm, which is more than three times higher than that of the undoped
NZSP (8.7×10-4 S/cm), where the ionic conductivity of NZSP at 25 oC was comparable
with the reported values [8–13, 16]. Figure 7.3b compared the temperature dependent
ionic conductivities of the NZSP and NZZSPx SSEs over the full temperature range from
25 to 100 oC. All SSEs exhibited Arrhenius behaviors based on the good linear fit
between the logarithmic ionic conductivities and the reciprocal of temperatures. A higher
doping content of 0.5 led to a low ionic conductivity. Figure 7.3c and 7.3d showed the
impedance spectra for NZSP and NZZSP0.3 over the full temperature range from 25 to
100 oC. NZZSP0.2, NZZSP0.3 and NZZSP0.4 SSEs possessed optimal ionic conductivity
at high temperature of 100 oC.
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Figure 7.3 Temperature dependent ionic conductivities for the NZSP and NZZSPx
(x= 0.1, 0.2, 0.3, 0.4, 0.5) SSEs over the temperature range from 25 to 100 oC. (a)
Impedance spectra of NZSP and NZZSPx (x= 0.1, 0.2, 0.3, 0.4, 0.5) at 25 oC. (b)
Arrhenius plots of NZSP and nominal composition NZZSPx (x=0.1, 0.2, 0.3, 0.4 and
0.5) between 25 and 100 oC. Impedance spectra of (c) NZSP and (d) NZZSP0.3 at
different temperatures.
X-ray absorption spectroscopy (XAS) analysis of NZZSPx SSEs
P K-edge, Si K-edge and Zn K-edge X-ray absorption near edge structure (XANES)
analyses were conducted for different Zn-doped NZZSPx powder samples to understand
the chemical environments and electronic states of P, Si and Zn elements in the NZSP
and resulted NZZSPx SSEs (Figure 7.4). XANES could provide information of oxidation
state and local symmetry. K-edge XANES is derived from the excitation of the 1s core
electron of the absorbing element into a previous unoccupied orbital with the proper
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symmetry (dipole selection rules, 1s to 3p orbitals) associated with the elemental. The
characteristic features in the main peak (white-line) position, and the number and position
of pre-edge and post-edge peaks in the XANES spectra could be used to identify different
phosphate species [25]. The normalized P K-edge XANES spectra of the undoped NZSP,
Zn-doped NZZSPx (x = 0.1, 0.2, 0.3, 0.4, and 0.5) SSEs were shown in Figure 7.5a. The
white-line peak energy occurring at 2153 eV and the pre-edge around 2150 eV in the P
K-edge XANES spectra, were derived from a transition of the P 1s electron into an
unoccupied valence electronic state, which was formed by the overlap of P sp3 hybridand O 2p-orbitals because of the Td-symmetry of PO4-group (t2 and a1 symmetry,
respectively). Another broader peak occurred at around 2170 eV was assigned to oxygen
multiple scattering of the nearest neighboring oxygen of tetrahedral first shell in the PO4group [26-29]. Generally, in P K-edge XANES spectra, with an increase of Zn doping
amount, the white-line peak position shifted to the lower energy gradually, accompanied
by a decrease of both white-line peak (t2) and pre-edge around 2150 eV (a1). These
changes indicated a slight structural change of the basic NASICON phase, such as
parameter, ligand-field, centro-symmetry or spin-states caused by the Td symmetry
distortion. A small distortion in the white-line occurred as the initially perfect sp3
becomes distorted, changing the relative intensity of the pre-edge and white-line peak
position. In addition, the movement of the multiple scattering (MS) peak position at
~2170 eV to the blue indicate a shorter P-O bond on average as Zn concentration
increases, since according to MS theory, the interatomic P-O distance to a good
approximation, is inversely proportional to the square root of the relative position of the
MS to the threshold. In addition, the spectra of impurity Na9Zn3(PO4)5 is collected as well
for comparison. Based on the position and shape of the characteristic peak, the
appearance of impurity Na9Zn3(PO4)5 in SSEs could be another reason for the change of
pre-edge and white-line peak.
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Figure 7.4 (a) P K-edge, where the movement of the relevant spectral features are
indicated with an arrow. (b) Si K-edge and (c) Zn K-edge XANES spectra for NZSP,
NZZSPx (x= 0.1, 0.2, 0.3, 0.4, 0.5) SSEs and Na9Zn3(PO4)5. Corresponding LCF
analysis for (d) NZZSP0.1 and (e) NZZSP0.3. (f) Fitted content of three reference
samples including NZSP, Na9Zn3(PO4)5, and Na3.25Zr2Si2.25P0.75O12.

129

Based on these results, to determine the compositions and understand the composition
evolution of the Zn-doped NASICON phase and the Na9Zn3(PO4)5 impurity phase in
NZZSPx SSEs, liner compound fitting (LCF) analysis of the XANES spectra was
conducted using the Athena data analysis package (Figure 7.5d-f and Figure S7.2). LCF
is a specific model that fits a linear combination of standard spectra to an unknown
spectrum. In EDS results discussion, the content ratio of Si and P was increased because
some P had been extracted to form Na9Zn3(PO4)5 impurity phase, so herein an altered
NASICON solid-state electrolyte with a chemical formula of Na3.25Zr2Si2.25P0.75O12
(content ratio of Si and P is 3:1) was synthesized as a reference sample in LCF analysis.
All LCF analysis were conducted with three reference samples of NZSP,
Na3.25Zr2Si2.25P0.75O12 and Na9Zn3(PO4)5. The LCF results demonstrated a good fit among
the three reference samples. Figure 7.5f summaries and compares the LCF results of the
NZZSPx SSEs. Overall, the contents of Na3.25Zr2Si2.25P0.75O12 and Na9Zn3(PO4)5
increased gradually, accompanied by a decrease in the NZSP content upon an increase of
Zn doping content.
Figure 7.5b and 7.5c showed the Si K-edge and Zn K-edge XANES spectra of the
undoped NZSP and the Zn-doped NZZSPx SSEs. With an increase of Zn doping content,
the energy position and shape remained unchanged for the NASICON SSEs, proving that
the electronic states and local structure of Si remained intact upon Zn doping and
impurity formation. In Zn K-edge XANES spectra, no peak shift occurred, and no new
peaks appeared. Thus, all spectra of NZZSPx were consistent with that of Na9Zn3(PO4)5,
indicating that the “doped” Zn2+ ions mainly existed in Na9Zn3(PO4)5 impurity phase. The
XANES analyses of P K-edge and Si K-edge, are consistent with the previous results of
XRD, SEM and EDS mapping. The Si/P atomic ratios in NASICON phase changed
because instead of substituting the Zr4+ sites, the “doped” Zn2+ ions extracted some of the
PO43- units from the basic NASICON phase to form impurities of Na9Zn3(PO4)5, while
the Si component remained unchanged in the NASICON structure. This could explain
why the crystal structure remains essentially the same despite no Zn substitution at the Zr
site and formation of the Na9Zn3(PO4)5.
Solid-state nuclear magnetic resonance (SS-NMR)
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23

Na, 31P and 29Si MAS NMR

For understanding the local structure of Zn-doping NZSP at a micro perspective,
multinuclear SS-NMR were performed and shown in Figure 7.5.

23

Na NMR spectra

show one symmetric signal for NZSP and NZZSP0.1, while a set of new signals that
centered at -1.4 ppm and -8.5 ppm emerged when x>0.1. These signals are ascribed to the
presence of Na9Zn3(PO4)5 when compared to the standard spectra.

31

P MAS NMR

spectra show two regions for all compositions. The region ranged from -7 ppm to -14
ppm is ascribed to the NASICON phase, while another region from 19 ppm to 2 ppm is
correspond to the impurities. For NZSP and Na3.25Zr2Si2.25P0.75O12 samples, the impurity
peak centered at 6.6 ppm is highly relevant to the sodium hydrogen phosphate, which
vanished in Zn-doping samples and replaced by a set of new peaks ranged from 19 ppm
to 7 ppm. These new peaks are attributed to the formation of Na9Zn3(PO4)5 as evidenced
by comparing the standard spectra. The quantitative analysis of the 31P spectra are shown
in Figure 7.5c, which reveal that the impurities (Na9Zn3(PO4)5) gradually increase with
the increase of Zn contents, indicating the Zn is hard to incorporate into the lattice while
forming the Na9Zn3(PO4)5 phase. In Figure S7.3,

29

Si MAS NMR spectra demonstrate

that no silicon-containing impurities are generated with the addition of Zn, demonstrating
the completely incorporation of silicon into the NASICON phase. Combining the

31

P

spectra with the 29Si spectra, it can be inferred that the formation of Na9Zn3(PO4)5 would
increase the Si/P ratio in the NASICON phase, forming sodium-rich NASICON phase
Na3.25Zr2Si2.25P0.75O12, as seen by the SEM results. With the increase of Zn, the chemical
shifts of silicon and phosphorus move to the positive direction (Figure S7.4), which can
be attributed to the more sodium ions that introduced into the NASICON phase according
to the calculation results conducted by Grey et al. For Zn-doping samples, this
enhancement of sodium ions is induced by the increase of Si/P ratio, which revealed by
SEM and NMR quantitative results. The chemical shifts of NZZSP0.2, NZZSP0.3 and
NZZSP0.4 are highly close to the Na3.25Zr2Si2.25P0.75O12 samples, indicating the
predominance of Na3.25Zr2Si2.25P0.75O12 within these three samples, which in line with the
LCF results.
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(a)

(b)

(c)

Figure 7.5 (a) 23Na MAS NMR spectra of NZZSPx SSEs (x=0,0.1,0.2,0.3,0.4,0.5) and
Si2.25P0.75 (b) 31P MAS NMR spectra of NZZSPx SSEs (x=0,0.1,0.2,0.3,0.4,0.5) ) and
Si2.25P0.75 (c)The quantitative analysis of the 31P spectra
Ionic motion
Ionic motion is investigated by the

23

Na spin-lattice relaxation time (T1) measurements,

which is sensitive to the ionic motion in bulk. In general, the decrease of T1 relaxation
time is indicative of the acceleration of the ionic motion. For all samples, one fast
relaxation process (TF) and one extreme-slow relaxation process (TS) are observable
(Figure S7.5), which represent the ionic motion in the NASICON phase and impurities
respectively. By fitting the relaxation curve, the specific value of T1 are obtained, as
shown in Figure 7.6a. The T1 value of NASICON phase gradually decrease when x≤
0.4, indicating the accelerating ionic motion by Zn doping. The T1 value of NZZSP0.3
and NZZSP0.4 samples are extreme close to that of Na3.25Zr2Si2.25P0.75O12 samples,
suggesting the identical fast ionic motion, which consistent with the EIS results. From the
relative intensity of two relaxation process, the relative content of the impurities and the
NASICON phase can be obtained as shown in Figure 7.6b. This result is similar to the
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results of the

31

P NMR quantitative results, the impurities gradually increase while the

NASICON phase decrease, which further proves that the role of Zn is to form impurities
and adjust the Si/P ratio in the NASICON phase.

Figure 7.6 The T1 value of NASICON phase and relative content of NZZSPx SSEs

7.4 Conclusions
Different amounts of Zn doping are projected to form a series of Zn-doped NACISON
structures of Na3+2xZr2-xZnxSi2PO12 (0 ≤ x ≤ 0.5), where an x value of 0.2, 0.3 and 0,4
yield an optimal ionic conductivity of 3×10-3 S/cm at 25 oC. However, based on the
XRD, SS-NMR, and XANES analyses, these “Zn-doped” NASICON SSEs are found to
consist of mainly a Na-rich NASICON phase and a Na9Zn3(PO4)5 phase. The resulted
Na9Zn3(PO4)5 content increased along with the increasing Zn content, which meanwhile
altering Si/P ratio in the NASICON phase. The 31P and 29Si MAS NMR spectra reveal a
Si/P ratio to be greater than 2 in the NASICON phase. The charge unbalance leads to an
increase in Na+ occupancy. The measurements of spin-lattice relaxation time confirm the
accelerated Na+ ionic motions in the Na-rich NASICON phase rather than the sluggish
Na9Zn3(PO4)5 phase, verifying an optimal x of 0.3 and 0.4. XANES linear combination
fitting confirmed the important the important presence of the Na-rich phase. Despite the
efforts of Zn doping into the NASICON structure for improving ionic conductivity, direct
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alteration of Si/P ratio in the NASICON structure can be a promising and efficient
strategy for developing advanced NASICON SSEs without ionic sluggish impurities.
This provides new opportunities for high-performance SSEs for solid-state sodium
batteries.
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7.7 Support information

Figure S7.1. SEM of NZSP (a) and NZZSP0.3 (b), EDS analysis of NZSP (c) and
NZZSP0.3 (d), Quantitative results of (e) NZSP and (f) NZZSP0.3
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Figure S7.2 Corresponding LCF analysis for (a) NZZSP0.2, (b) NZZSP0.4.

Figure S7.3 (a) 29Si MAS NMR spectra of NZZSPx SSEs (x=0,0.1,0.2,0.3,0.4,0.5) and
Si2.25P0.75
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Figure S7.4 31P and 29Si chemical shift of NZZSPx SSEs (x=0,0.1,0.2,0.3,0.4,0.5) and
Si2.25P0.75

Figure S7.5 relaxation process of NZZSP0.3 SSE
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Chapter 8

8

Study of highly conductive sodium-rich Na1+xZr2SixP3xO12 (2 ≤ x ≤ 2.9) with different Si/P ratio via structure
and dynamics analysis*

Applying solid-state electrolytes (SSEs) to replacing the liquid electrolytes in sodium
batteries is regarded as a promising approach to improve the safety and durability. Due to
the high ionic conductivity and low thermal expansivity, NASICON type SSEs, typically
Na3Zr2Si2PO12, have shown great promise. Herein, altering Si/P ratio in NASICON
structure is found to elevate the ionic conductivity to several mS/cm. A series of
Na1+xZr2SixP3-xO12 (where 2 ≤ x ≤ 2.9) SSEs were fabricated for comparison. The
electronic and local structures of constituent elements P and Si are studied via
synchrotron-based X-ray absorption spectroscopy (XAS). Solid-state nuclear magnetic
resonance (SS-NMR) relaxometry was used to investigate the Na+ transport in the altered
NASICON SSEs. The results prove that an increasing Si/P ratio leads to a higher ionic
conductivity until beyond Na3.3Zr2Si2.3P0.7O12. The lattice parameters of NASICON phase
changes, accompanied by an increase in Na+ occupancy. The spin-lattice relaxation time
T1 decreased with increasing Si/P ratio, suggesting a faster ion movement in altered
NASIOCN SSEs.

*A version of this chapter is to be submitted.
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8.1 Introduction
Among various energy storage technologies, electrochemical secondary battery is
regarded as a promising one for large-scale storage of electricity due to its reliability,
flexibility and high energy conversion efficiency. Although Li-ion batteries (LIBs) have
been widely used in portable electronic devices, Na ion batteries (NIBs) have drawn
increasing attention because, in contrast to lithium, sodium resources are practically
inexhaustible. Both low cost and non-toxicity of NIBs make it a promising alternative to
LIBs [1-6]. In NIBs, responding to problems on flammability and potential leakage that
the conventional liquid electrolytes (LEs) inherits, solid-state electrolytes (SSEs) are
developed and regarded as an ultimate component for NIBs. The usage of SSEs enables
to improve the durability and safety as well as simplify the cell design for future NIBs.
Eventually, compared to LE based NIBs, all-solid-state NIBs may achieve higher energy
densities by using Na metal anode and high-voltage cathodes [7,8].
Among various types of sodium ion conducting solid state electrolytes (SSEs), NA
Super-Ionic CONductor (NASICON), due to its high ionic conductivity and low thermal
expansivity, has attracted the most attentions [9-16]. The NASICON structure, with a
general formula of Na1+nZr2SinP3-nO12 (1.6 ≤ n ≤ 2.4), was first reported by Hong and
Goodenough et al. [17]. It is featured by a rigid three- dimensional network channels
comprising PO43-/SiO44- tetrahedra that share the pocket corners with ZrO6 octahedra for
Na ion diffusion. (Figure 8.1). For the NASICON (Na1+nZr2SinP3-nO12, 1.6 ≤ n ≤ 2.4),
there are two basic types of structure, monoclinic Na3Zr2Si2PO12 (C2/c) and rhombohedra
Na3Zr2Si2PO12 (R-3C) depending on its compositions and ambient temperatures. It has
been widely reported that original form of Na3Zr2Si2PO12 has an ionic conductivity of
several 10-4 S/cm, but constant efforts have been attempted in past decades to further
improve the inherent ionic conductivity for feasible electrochemical performance. Most
of the related research has focused on element substitution with heteroatoms in
NASICON structure, including Zn, Sc, Ce, Zr, La, etc. [8-13,16] Some heteroatoms, such
as Sc, Zn and La have been reported that could improve the ionic conductivity by one
order of magnitude [8]. However, some impurities containing La or Zn also formed along
the element substitution that may react with sodium electrode and affect the overall
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electrochemical performance. In addition, the cost of some heteroatoms, such as Sc is
relatively high that it is necessary to develop new approaches in ionic conductivity
improvement.

(a)

(b)

Figure 8.1 NASICON structure (a) Monoclinic (C2/c), Rhombohedra (R-3C)
Herein, it was firstly discovered that to modify the chemical component proportion of
NASICON (typically Na3Zr2Si2PO12) could increase the ionic conductivity of NASICON
to 10-3 S/cm. Si/P ratio (more specifically, SiO4- to PO43- ratio) of NASICON has been
intentionally increased from original 2:1 to 9:1, and no heteroatoms was applied in the
whole synthesis process. Direct alteration of Si/P ratio, leading to a favorable Na-rich
NASICON phase, was expected to make phase change and more occupation of Na+ for
ion transportation in NASICON structure. Synchrotron-based soft X-ray absorption
spectroscopy (XAS) was used to study the electronic and local structure of P and Si
elements. Solid-state nuclear magnetic resonance (SS-NMR) relaxometry was carried out
to investigate the Na+ transport in the altered NASICON SSEs. The modification of Si/P
ratio in the NASICON structure provides new opportunities for high-performance SSEs
for solid-state sodium batteries, which can be of great guiding significance for further
improving the ionic conductivity of various solid-state electrolytes in the future.
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8.2 Experimental section
Materials synthesis: Nominal composition NASICON Na1+xZr2SixP3-xO12 SSEs (denoted
as SixP3-x, where 2 ≤ x ≤ 2.9), were synthesized by a sol-gel method. NaNO3 (≥99.0%,
Sigma-Aldrich), NH4H2PO4 (≥98%, Sigma-Aldrich), Si(OC2H5)4 (tetraethyl orthosilicate,
≥98%, Sigma-Aldrich), and C12H28O4ZR (zirconium(IV) propoxide solution, 70 wt. % in
1-propanol, Sigma-Aldrich) were used as the starting materials with citric acid as a
chelating agent. Firstly, a mixture of tetraethyl orthosilicate, zirconium (IV) propoxide
solution, citric acid, ethanol, and H2O was stirred at 60 oC overnight. Secondly, 10%
excessive NaNO3 and 10% excessive NH4H2PO4 were dissolved in deionized water and
then added to the previous solution. The collosol was heated at 70 oC and stirred until a
dried gel was obtained, which required several hours. Then, the obtained dry xerogel was
first calcined in air at 500 oC for 2 h and then 1050-1200 oC for 10 h. The calcined
powder was grounded and pressed into pellets (diameter 13 mm, thickness 1 mm) and
sintered at 1250-1390 oC for 12 h. White ceramic pellets with a diameter between 11.211.5 mm and a thickness of around 0.9 mm can be obtained after sintering. The pellets
obviously shrunk compared to those before sintering.
Materials characterizations: Crystal structure and phase composition of the NASICON
Na1+xZr2SixP3-xO12 SSEs (denoted as SixP3-x, where 2 ≤ x ≤ 2.9) SSEs were characterized
via X-ray diffraction (XRD) using D8 Advance (Bruker Co.) with Cu Kα X-ray source in
the range of 10–110°with a step of 0.005°per seconds. GSAS software was employed to
perform Rietveld analysis of the obtained XRD data. The reﬁning parameters that were
optimized included background coeﬃcients; zero-shift; peak shape parameters; lattice
parameters; the positional parameters of each element; the fractional factors of Na1, Na2
and Na3; and isotropic atomic displacement parameters (Uiso). During the reﬁnement,
occupancy of Zr, and occupancy of Si and P, were constrained to be stoichiometry, and
the Uiso of all elements was set to be equivalent. The scanning electron microscopy
(SEM) images was collected using a Hitachi 4800 SEM.
Electrochemical masurements: The ionic conductivity of Na1+xZr2SixP3-xO12 SSEs
(denoted as SixP3-x, where 2 ≤ x ≤ 2.9) was measured by electrochemical impedance
spectroscopy (EIS). Nyquist plots were recorded by a gamry electrochemical system in
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the frequency range between 100 mHz and 100 kHz with an AC voltage of 5 mV. Au
electrodes were coated on the Na1+xZr2SixP3-xO12 pellets by sputtering before conductivity
measurement.
XAS measurements at ﬂuorescence yield (FYI) modes of P K-edge and Si K-edge were
performed on the soft X-ray micro characterization beamline (SXRMB) end station at
Canadian light source (CLS) with powder samples. SXRMB is equipped with a doublecrystal monochromator with two sets of interchangeable crystals, InSb (111) and Si(111)
and the operating energy range is from 1.7 to 10 keV. All XAS spectra were normalized
to the incident photon ﬂux and calibrated with standard compounds.
23

Na, 29Si and 31P magic angle spinning (MAS) NMR spectra were acquired on a Bruker

AVANCE III 400 MHz spectrometer at Larmor frequencies of 105.9 MHz, 79.5 MHz,
and 162.0 MHz, respectively. A 4 mm Bruker MAS probe was employed for the
measurements at a spinning rate of 12 kHz.

23

using saturation recovery experiments. The

29

Na T1 measurements were conducted by

Si and

31

P NMR spectra were recorded

using single pulse with π/4 pulse lengths of 3 us and 4.8 us and recycle delays of 120 s
and 150 s, respectively. The chemical shifts of 23Na, 29Si, and 31P are calibrated using 1M
NaCl (0 ppm), Trimethylsilyl propanoic acid (0 ppm), and Ammonium dihydrogen
phosphate (1 ppm), respectively.

8.3 Results and discussions
Ionic conductivity of the Na1+xZr2SixP3-xO12 SSEs
A series of NASICON based SSEs, Na1+xZr2SixP3-xO12 (denoted as SixP3-x, where 2 ≤ x ≤
2.9) were synthesized by a sol-gel method, and the electrolytes pellets were polished for
use after sintering at 1250-1390 oC. Au thin films were deposited on both sides of the
SSE pellets by sputtering as the blocking electrodes. Electrochemical impedance
spectroscopy (EIS) was used to measure the ionic conductivities of Na1+xZr2SixP3-xO12
SSEs at different temperatures. Figure 8.2a and 8.2b compare the impedance of
Na1+xZr2SixP3-xO12 at 25 oC and 100 oC. In general, an increasing Si/P ratio led to a
smaller impedance until beyond Na2.25Zr2Si2.25P0.75O12 and Na2.3Zr2Si2.3P0.7O12 SSEs. At
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25 oC, both Na2.25Zr2Si2.25P0.75O12 and Na2.3Zr2Si2.3P0.7O12 SSEs demonstrated the optimal
room-temperature ionic conductivities of 2.58×10-3 S/cm and 2.49×10-3 S/cm
respectively (Figure 8.2c), which were almost three times higher than that of the original
NASICON Na3Zr2Si2PO12 (8.7×10-4 S/cm). The ionic conductivity of Na3Zr2Si2PO12 at
25 oC was comparable with the reported values [8–13,16]. Na2.4Zr2Si2.4P0.6O12 had a very
large impedance than any of other Na1+xZr2SixP3-xO12 that exhibited the lowest ionic
conductivity. In addition, the total ionic conductivity of Na2.25Zr2Si2.25P.075O12 and
Na2.3Zr2Si2.3P0.7O12 SSEs could even go up to 1.73×10-2 S/cm and 1.84×10-2 S/cm
respectively at 100 oC (Figure 8.2d). The further increase of Si/P ratio caused a decline
in ionic conductivity. The impedance spectra for Na2.25Zr2Si2.25P.075O12 over the full
temperature range from 25 to 100 oC are shown in Figure 8.2e, while all the other
impedance spectra for Na1+xZr2SixP3-xO12 are exhibited in Figure S8.1-8.8. The
temperature dependent ionic conductivities of Na1+xZr2SixP3-xO12 SSEs over the full
temperature range were compared in Figure 8.2f. Based on the good linear fit between
the logarithmic ionic conductivities and the reciprocal of temperatures, all SSEs exhibited
Arrhenius behaviors from 25 to 100 oC. For the original NASICON Na3Zr2Si2PO12, even
though at 25 oC, the total ionic conductivity was lower than that of Na1+xZr2SixP3-xO12
(2.5 ≤ x ≤ 2.7), its ionic conductivity rose and exceeded them at 100 oC.
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Figure 8.2 Temperature dependent ionic conductivities for the Na1+xZr2SixP3-xO12
(denoted as SixP3-x, where 2 ≤ x ≤ 2.9) SSEs over the temperature range from 25 to
100 oC. (a) Impedance spectra of Na1+xZr2SixP3-xO12 (denoted as SixP3-x, where 2 ≤ x
≤ 2.9) at 25 oC. (b) Impedance spectra of Na1+xZr2SixP3-xO12 (denoted as SixP3-x,
where 2 ≤ x ≤ 2.9) at 100 oC. (c) Ionic conductivity of Na1+xZr2SixP3-xO12 (denoted as
SixP3-x, where 2 ≤ x ≤ 2.9) at 25 oC. (d) Ionic conductivity of Na1+xZr2SixP3-xO12
(denoted as SixP3-x, where 2 ≤ x ≤ 2.9) at 100 oC. (e) The impedance spectra for
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Na2.25Zr2Si2.25P.075O12 over the full temperature range from 25 to 100 oC. (f)
Arrhenius plots of Na1+xZr2SixP3-xO12 (denoted as SixP3-x, where 2 ≤ x ≤ 2.9)
Crystal structure and microstructure of the ceramic electrolytes
The X-ray diffraction (XRD) patterns of the Na1+xZr2SixP3-xO12 SSEs are shown in
Figure 8.1. Signature of crystalline NASICON phase and weak diffractions from ZrO2
impurity phases are clearly shown in Figure 8.3a. The XRD patterns in selected regions
are carefully compared in Figure 8.3b-d. The XRD peaks at 19.1 and 30.4°ascribed to
Na3Zr2Si2PO12 shifted to higher angles, while the peaks at 19.6 and 34.3°shifted to lower
angles as Si/P ratio increased from original 2:1 to 9:1. These observations indicate that
the crystalline structure of the Na1+xZr2SixP3-xO12 electrolytes gradually changed as a
result of modification of chemical component proportion [10, 18]. The crystal structure of
these Na1+xZr2SixP3-xO12 SSEs was refined by the Rietveld using the structures of
Na3Zr2Si2PO12 (C2/c), Na3Zr2Si2PO12 (R-3C) and Na3Zr2Si2PO12 (R3C) as starting
models (Table 8.1). Overall, the diﬀraction patterns of Na1+xZr2SixP3-xO12 (where 2 ≤ x ≤
2.4) SSEs could be indexed using the Na3Zr2Si2PO12 model (C2/c) for each composition.
The lattice parameters a and b of the monoclinic unit cell became larger while c
decreased with increasing Si/P ratio. The lattice volume change caused by the higher Na
ion occupancy enables a fast Na ion transportation in Na1+xZr2SixP3-xO12 (where 2 ≤ x ≤
2.4) SSEs. With the standard Na3Zr2Si2PO12 (C2/c) stoichiometry, there are one Na1 site,
two Na2 sites and one Na3 site in 1 formula unit of monoclinic crystals. The sodium
positions and occupancies of the NASICON phase was shown in Table 8.1. Occupancies
of both Na1 and Na3 rose gradually upon x increasing, while Na2 position had a
deceasing sodium ion occupancy. From in Na1+xZr2SixP3-xO12, the basic NASICON
phase transfered from monoclinic to rhombohedra crystal. The rhombohedra crystal
could not act as a good ionic conductor as monoclinic crystal did, so that the ionic
conductivity declined from x=2.5. The lattice parameters of rhombohedra unit cell had
the same change trend as monoclinic that a and b of became larger while c decreased
upon an increasing x. For the rhombohedra Na3Zr2Si2PO12 stoichiometry, there are one
Na1 site and three Na2 sites in 1 formula unit. It can be seen that the overall Na ion
occupancy increases with an increasing of Si/P ratio from original 2:1 to 9:1. In addition,
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two additional weak peaks (2θ = 28.1 and 31.4°) related to monoclinic ZrO2 were
observed. ZrO2 is a common impurity that difficult to avoid in synthesis of NASICONstructured SSEs [18–24].

Figure 8.3 (a) XRD patterns of Na1+xZr2SixP3-xO12 (denoted as SixP3-x, where 2 ≤ x ≤
2.9) SSEs; (b), (c) and (d) are magnified views of selected regions.
Table 8.1 XRD refinement results for the Na1+xZr2SixP3-xO12 (denoted as SixP3-x,
where 2 ≤ x ≤ 2.9) SSEs
Sample

Phase

a

b

c

Na1

Na2

Na3

Na(p.u.
)

wRp

Si2P

C2/c

15.6532

9.057

9.2142

0.2762

1.1965

0.4691

2.4109

0.77

Si2.25P0.75

C2/c

15.7252

9.0944

9.192

0.4514

1.1625

0.4749

2.5637

0.89
4

Si2.3P0.7

C2/c

15.7413

9.1013

9.1871

0.5343

1.0306

0.6108

2.7865

0.82
7

Si2.4P0.6

C2/c

15.7785

9.1179

9.1735

0.6772

0.8945

0.8177

3.2071

0.88
8

Si2.5P0.5

R-3C

9.1306

9.1306

22.5128

0.631

0.8409

--

3.1537

0.95
7

Si2.6P0.4

R-3C

9.1429

9.1429

22.4298

0.5939

0.8806

--

3.2357

10.2
8
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Si2.7P0.3

R-3C

9.1517

9.1517

22.3738

0.7675

0.8798

--

3.4069

8.39

Si2.8P0.2

R3C

9.1688

9.1688

22.2667

0.7351

0.9494

--

3.5833

9.74

Si2.9P0.1

R3C

9.1761

9.1761

22.227

0.7727

0.9834

--

3.7229

9.81

The physical picture of Na1+xZr2SixP3-xO12 (2 ≤ x ≤ 2.9) SSEs is shown in Figure 8.4a.
All of SSEs showed good sintering shape except Na2.4Zr2Si2.4P0.6O12. There were many
cracks on the surface of Na2.4Zr2Si2.4P0.6O12. Based on XRD analysis, Na2.4Zr2Si2.4P0.6O12
had a specific stoichiometry that make NASICON phase transferd from monoclinic to
rhombohedra structure, so it was difficult for Na2.4Zr2Si2.4P0.6O12 to form smooth ceramic
pallets. This also well explained why Na2.4Zr2Si2.4P0.6O12 had unusual low ionic
conductivity that Na2.4Zr2Si2.4P0.6O12 had a very high boudary resisdence because of these
cracks. Microstructures (Figure 8.4b-j) are observed by scanning electron microscope
(SEM). All of SSEs showed a typical NASICON feature as cubic particles with sides
approximately 1-2 μ of Na1+xZr2SixP3-xO12 (2 ≤ x ≤ 2.6) SSEs. For Na1+xZr2SixP3-xO12
(2.7 ≤ x ≤ 2.9) SSEs, the particles get bigger. This is due to the high sintering temperature
of the last three samples.

Figure 8.4 Figure 2. (a) Physical picture of Na1+xZr2SixP3-xO12 (2 ≤ x ≤ 2.9) SSEs (b-j)
SEM images of Na1+xZr2SixP3-xO12 (2 ≤ x ≤ 2.9) SSEs
X-ray absorption spectroscopy (XAS) analysis of Na1+xZr2SixP3-xO12 (2 ≤ x ≤ 2.9)
SSEs
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P K-edge and Si K-edge X-ray absorption near edge structure (XANES) analyses were
conducted for different Na1+xZr2SixP3-xO12 powder samples to understand the chemical
environments and electronic states of P and Si elements in the resulted Na1+xZr2SixP3-xO12
SSEs (Figure 8.5). K-edge XANES is derived from the excitation of the 1s core electron
of the absorbing element into a previous unoccupied orbital with the proper symmetry
(dipole selection rules, 1s to 3p orbitals) associated with the elemental. XANES provides
information of oxidation state and local symmetry. Phosphate and silicate species can be
identified by studying characteristic features in the main peak (white-line) position, as
well as in the number and position of pre-edge and post-edge peaks in the XANES
spectra [25]. The normalized P K-edge XANES spectra of Na1+xZr2SixP3-xO12 SSEs were
shown in Figure 8.5a, and the inset is a magnified view of the specific region. The whiteline energy occurring near 2150 (shoulder) and 2153 eV in all P K-edge XANES spectra,
is due to a transition of the P 1s electron into an unoccupied valence electronic state
formed by the overlap of P sp3 hybrid- and O 2p-orbitals because of the Td-symmetry of
PO4-group (a1 and t2 symmetry, respectively). Another broader peak occurring at around
2170 eV, was assigned to oxygen multiple scattering of the nearest neighboring oxygen
of tetrahedral first shell in the PO4-group [26-29]. Overall in P K-edge XANES spectra,
with increasing Si/P ratio, the white-line peak position (t2) shifted to the lower energy
gradually, which is accompanied by a decrease of the pre-edge (a1) around 2150 eV.
These changes indicated a local structural change of the NASICON phase, such as
parameter, ligand-field, centrosymmetry or spin-states due to distortion from the Td
symmetry. A small distortion in the white-line occured as the initially perfect sp3
becomes distorted, changing the relative intensity of the shoulder and the main peak. The
XAS analysis is consistent with the XRD results.
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Figure 8.5 (a) P K-edge and (b) Si K-edge XANES spectra for Na1+xZr2SixP3-xO12 (2 ≤ x
≤ 2.9) SSEs
Si K-edge XANES spectra of the Na1+xZr2SixP3-xO12 SSEs were shown in Figure 8.5b,
and the inset was a magnified view of the specific region. The weak peak occurring near
1846.1 at shoulder was attributed to the transition of Si ls electrons to the antibonding 3slike state (a1), and the white-line energy occurring near 1848.8 eV in the Si K-edge
XANES spectra was assigned to the transition of Si ls electrons to the antibonding 3p-like
state (t2). Another two peaks occurring near 1852.1 eV and 1866.6 eV were attributable
to the transitions of Si ls electrons to the e and t2 states characterized by the empty Si 3d
states, respectively. In addition, the two peaks occurring at around 1850.6 eV and 1859.3
eV were qualitatively assigned to the multiple scattering (MS) effect from more distant
atom shells. Generally, in Si K-edge XANES spectra, the white-line peak position (t2)
slightly shifted to the lower energy with increasing Si/P ratio, and a pre-edge near 1846
eV appeared and grew upon an increasing x though no pre-edge peak was observed in Si
K-edge XANES spectrum for the original Na3Zr2Si2PO12.
Solid-state nuclear magnetic resonance (SS-NMR)
SS-NMR was employed to study the local structures of different nuclei and Na+
dynamics at different Na sites in the NASICON materials.
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Figure 8.6 shows the 23Na, 31P and 29Si MAS NMR spectra of Na1+xZr2SixP3-xO12 SSEs.
With Si/P ratio increased, there was no change in

23

Na MAS NMR spectra. In 31P NMR

spectra, the region ranged from -7 ppm to -14 ppm is ascribed to the NASICON phase,
and the impurity peak centered at 6.6 ppm is highly relevant to the sodium hydrogen
phosphate. With Si/P ratio increased, we notice that the chemical shift varied, that Figure
8.6(b) and 8.6(c) show that both of 31P and 29Si chemical shifts of the NASICON phase
shifted to lower field with increasing Si/P ratio, suggesting that the electron spin densities
decreased around the nuclei. The results demonstrated that Na+ occupancy increased with
Si/P increasing , giving rise to the biases of the electron spin density on the oxygen atom
toward sodium ions, which is in consistent with previous reports [18], deriving the same
conclusion for Sc-doping NZSP materials by DFT calculations. In addition, the 29Si MAS
NMR spectra indicated no evidence for Si-containing impurity.

Figure 8.6 23Na, 31P and 29Si MAS NMR spectra of Na1+xZr2SixP3-xO12 SSEs.
Ionic motion is investigated by the

23

Na spin-lattice relaxation time (T1) measurements,

which is sensitive to the ionic motion in bulk. In general, the decrease of T1 relaxation
time is indicative of the acceleration of the ionic motion. By fitting the relaxation curve,
the specific value of T1 are obtained. The T1 value of Na3.25Zr2Si2.25P0.75O12 (3.3×10-4 s)
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phase is lower than that of Na3Zr2Si2PO12 phase (4.58×10-4 s), indicating the accelerating
ionic motion by Si/P ratio increasing.

(a)

(b)

Figure 8.7 Relaxation curve of (a) Na3Zr2Si2PO12 and (b) Na3.25Zr2Si2.25P0.75O12

8.4 Conclusions
Altering Si/P ratio in NASICON structure is found to elevate the ionic conductivity to
several mS/cm. A series of Na1+xZr2SixP3-xO12 (where 2 ≤ x ≤ 2.4) SSEs are synthesized.
The x value of 2.23 and 3 yield an optimal ionic conductivity of 2.5×10-3 S/cm at 25 oC.
Based on the XRD and XANES analyses, these resulted NASICON SSEs are found to
consist of mainly a Na-rich NASICON phase and a small amount of impurity phase. With
the increasing Si/P ratio, the lattice parameters of NASICON phase changes,
accompanied by an increase in Na+ occupancy based on the charge unbalance. SS-NMR
analysis shows

31

P and

29

Si chemical shifts of the NASICON phase, and spin-lattice

relaxation time T1 decreased with increasing Si/P ratio, suggesting that the structure
change and a faster ion movement in altered NASIOCN SSE. Based on this study,
modifications on the Si/P composition of NASICON can be a promising and efficient
strategy for enhancing the ionic conductivity and developing advanced NASICON SSEs
for solid-state sodium batteries in future.
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8.7 Support information

Figure S8.1 The impedance spectra for Na3Zr2Si2PO12 over the full temperature range
from 25 to 100 oC.
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Figure S8.2 The impedance spectra for Na3.2Zr2Si2.2P0.8O12 over the full temperature
range from 25 to 100 oC.
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Figure S8.3 The impedance spectra for Na3.3Zr2Si2.3P0.7O12 over the full temperature
range from 25 to 100 oC.
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Figure S8.4 The impedance spectra for Na3.9Zr2Si2.9P0.1O12 over the full temperature
range from 25 to 100 oC.
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Figure S8.5 The impedance spectra for Na3.8Zr2Si2.8P0.2O12 over the full temperature
range from 25 to 100 oC.
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Figure S8.6 The impedance spectra for Na3.7Zr2Si2.7P0.3O12 over the full temperature
range from 25 to 100 oC.
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Figure S8.7 The impedance spectra for Na3.6Zr2Si2.6P0.4O12 over the full temperature
range from 25 to 100 oC.
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Figure S8.8 The impedance spectra for Na3.5Zr2Si2.5P0.5O12 over the full temperature
range from 25 to 100 oC.
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Chapter 9

9

Cycling performance of solid-state sodium ion batteries
with NASICON based solid- state electrolytes of
Na3.3La0.3Zr1.7Si2PO12, Na3.3Sc0.3Zr1.7Si2PO12,
Na3.3Bi0.3Zr1.7Si2PO12, Na3.3Zn0.3Zr1.7Si2PO12, and
Na3.25Zr2Si2.25P0.75O12

9.1 Introduction
Due to the low cost and non-toxicity, NIBs are regarded as a promising alternative to
LIBs [1-6]. In NIBs, responding to problems on flammability and potential leakage that
the conventional liquid electrolytes (LEs) inherits, solid-state electrolytes (SSEs) are
developed and regarded as an ultimate component for NIBs. Among various types of
sodium ion conducting solid state electrolytes (SSEs), NA Super-Ionic CONductor
(NASICON) has attracted the most attentions because of its high ionic conductivity and
low thermal expansivity [9-16].
The NASICON structure, with a general formula of Na1+nZr2SinP3-nO12 (1.6 ≤ n ≤ 2.4),
was first reported by Hong and Goodenough et al. [17]. It has been widely reported that
original form of Na3Zr2Si2PO12 has an ionic conductivity of several 10-4 S/cm, but
constant efforts have been attempted in past decades to further improve the inherent ionic
conductivity for feasible electrochemical performance. The ionic conductivity of
NASICON SSE can be improve to 10-3 S/cm by La, Sc, Bi, Zn doping or altering Si/P
ratio [8-13,16]. Herein, in order to compare the feasibility of NASICON SSEs for
application in solid state sodium ion batteries and study the cycling performance of
NASICON SSEs based batteries, full batteries NaCrO2/SSE/Na were assembled for
testing with NaCrO2 as the cathodes, and metallic Na as anode. NASICON based solidstate electrolytes, including La doped NASICON, Sc doped NASICON, Bi doped
NASICON, Zn doped NASICON, and NASIOCN with altered Si/P ratio were fabricated
and act as the effective electrolytes in the sodium ion batteries.
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9.2 Experimental section
Materials synthesis: Nominal composition NASICON Na1+xZr2SixP3-xO12 SSEs (denoted
as SixP3-x, where x=2, 2.25), were synthesized by a sol-gel method. NaNO3 (≥99.0%,
Sigma-Aldrich), NH4H2PO4 (≥98%, Sigma-Aldrich), Si(OC2H5)4 (tetraethyl orthosilicate,
≥98%, Sigma-Aldrich), and C12H28O4ZR (zirconium(IV) propoxide solution, 70 wt. % in
1-propanol, Sigma-Aldrich) were used as the starting materials with citric acid as a
chelating agent. Firstly, a mixture of tetraethyl orthosilicate, zirconium (IV) propoxide
solution, citric acid, ethanol, and H2O was stirred at 60 oC overnight. Secondly, 10%
excessive NaNO3 and 10% excessive NH4H2PO4 were dissolved in deionized water and
then added to the previous solution. The collosol was heated at 70 oC and stirred until a
dried gel was obtained, which required several hours. Then, the obtained dry xerogel was
first calcined in air at 500 oC for 2 h and then 1050 oC for 10 h. The calcined powder was
grounded and pressed into pellets (diameter 13 mm, thickness 1 mm) and sintered at
1200-1300 oC for 12 h. White ceramic pellets with a diameter between 11.2–11.5 mm
and a thickness of around 0.9 mm can be obtained after sintering. The pellets obviously
shrunk compared to those before sintering.
Nominal composition La-doped NASICON Na3.3La0.3Zr1.7Si2PO12 SSE, which is denoted
as NLZSP0.3 was synthesized by a sol-gel method. NaNO3 (≥99.0%, Sigma-Aldrich),
La(NO3)3•6H2O (≥99.99%, Sigma-Aldrich),
Si(OC2H5)4

(tetraethyl

orthosilicate,

≥98%,

NH4H2PO4 (≥98%, Sigma-Aldrich),
Sigma-Aldrich),

and

C12H28O4ZR

(zirconium(IV) propoxide solution, 70 wt. % in 1-propanol, Sigma-Aldrich) were used as
the starting materials
Na3.3Sc0.3Zr1.7Si2PO12 henceforth denoted as NSZSP0.3 was synthesized by a sol-gel
method using NaNO3 (≥99.0%, Sigma-Aldrich), Sc2O3 (≥99.9%, Sigma-Aldrich),
NH4H2PO4 (≥98%, Sigma-Aldrich), Si(OC2H5)4 (tetraethyl orthosilicate, ≥98%, SigmaAldrich), C12H28O4ZR (zirconium(IV) propoxide solution, 70 wt. % in 1-propanol,
Sigma-Aldrich) as the starting materials.
Bi-doped NASICON Na3.3Bi0.3Zr1.7Si2PO12 denoted as NBZSP0.3 was synthesized by a
sol-gel method. NaNO3 (≥99.0%, Sigma-Aldrich), Bi(NO3)3•5H2O (≥99.99%, Sigma-

166

Aldrich), NH4H2PO4 (≥98%, Sigma-Aldrich), Si(OC2H5)4 (tetraethyl orthosilicate, ≥98%,
Sigma-Aldrich), and C12H28O4ZR (zirconium(IV) propoxide solution, 70 wt. % in 1propanol, Sigma-Aldrich) were used as the starting materials.
Zn-doped NASICON Na3.6Zn0.3Zr1.7Si2PO12 SSE, which is denoted as NZZSPx0.3 was
synthesized by a sol-gel method. NaNO3 (≥99.0%, Sigma-Aldrich), Zn(NO3)2•5H2O
(≥99.99%, Sigma-Aldrich), NH4H2PO4 (≥98%, Sigma-Aldrich), Si(OC2H5)4 (tetraethyl
orthosilicate, ≥98%, Sigma-Aldrich), and C12H28O4ZR (zirconium(IV) propoxide
solution, 70 wt. % in 1-propanol, Sigma-Aldrich) were used as the starting materials.
NaCrO2 was synthesized through a solid phase reaction. A stoichiometric ratio of
Na2CO3 (≥99.8%, Sigma-Aldrich) and Cr2O3 (≥99%, Sigma-Aldrich) were thoroughly
mixed by hand milling. An excess of 5 mol% Na2CO3 was used to compensate for the
loss of sodium due to its volatility at high reaction temperature. The powder was then
heated at 900 °C in Ar atmosphere for 10 h. The obtained samples were transferred to a
vacuum drying oven without air exposure. The PVdF-HFP (Poly(vinylidene fluoride-cohexafluoropropylene)) gel polymer electrolyte films were prepared by a standard solution
cast technique. PVdF-HFP, NaClO4 and a mixture of EC (ethylene carbonate) /PC
(polycarbonate) were first dissolved in acetonitrile under continuous stirring to obtain a
homogeneous solution. The stirred solution was cast onto glass petri dishes and the
solvent was allowed to evaporate to obtain free-standing polymer films at the bottom of
the dishes. PVdF-HFP, EC and PC were obtained from Sigma Aldrich.
Materials characterizations: Crystal structure and phase composition of the NASICON
SSEs were characterized via X-ray diffraction (XRD) using D8 Advance (Bruker Co.)
with Cu Kα X-ray source in the range of 10–70°with a step of 0.01°per seconds. The
scanning electron microscopy (SEM) images were collected using a Hitachi 4800 SEM
equipped with EDS detector. The working voltage for the EDS mapping was 20 kV.
Electrochemical measurements: The ionic conductivity of NASIOCN SSEs was
measured by electrochemical impedance spectroscopy (EIS). Nyquist plots were recorded
by a Gamry Electrochemical system in the frequency range between 100 mHz and 100
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kHz with an AC voltage of 5 mV. Au electrodes were coated on the NASICON pellets by
sputtering before conductivity measurement.
Electrochemical properties tests were carried out with CR2032 coin cells comprised of
the NaCrO2 cathode and a sodium metal anode. 1 M NaClO4 in PC:EC (50%:50%
volume ratio) and glass-fiber are used as liquid electrolyte (LE) and separator in
reference coin cells. A sandwich hybrid solid state electrolyte (SSE) made of NBZSP0.3
and PVdF-HFP gel polymer was used in the experimental coin cells. The cathodes were
fabricated by active material NaCrO2, black carbon and polyvinylidene fluoride (PVdF)
in a weight ratio of 8:1:1. The coin cells were assembled in an Argon filled glove box.
Charge/discharge measurements were performed on the Land 2001A battery test system.
All coin cells were cycled between 2.5 and 3.5 V vs. Na+/Na at room temperature.

9.3 Results and discuss
Crystal structure and microstructure of the NASICON based electrolytes
A sol-gel method was applied to synthesize the series of NASICON based SSEs. And all
the electrolytes pellets were sintered at 1200-1300 oC and polished before use. Figure 9.1
shows the X-ray diffraction (XRD) patterns of the NASICON SSEs.

Mainly the

signature of crystalline NASICON phase, and minor crystalline impurity phases were
observed. Na3La(PO4)2 impurity phase was found in NLZSP0.3 spectra and Na3Bi(PO4)2
impurity phase was observed in NBZSP0.3 spectra. For NZZSP0.3, the main impurity
phase is Na9Zn3(PO4)5. The spectra of two basic NASICON and Sc doped NASICON
overlap well, because Sc is successfully doped into structure to replace Zr based on the
results in the previous chapters.

168

Figure 9.1 XRD patterns of NASICON based solid- state electrolytes of
Na3.3La0.3Zr1.7Si2PO12, Na3.3Sc0.3Zr1.7Si2PO12, Na3.3Bi0.3Zr1.7Si2PO12,
Na3.3Zn0.3Zr1.7Si2PO12, and Na3.25Zr2Si2.25P0.75O12
The microstructures of NASICON SSEs were observed by scanning electron microscope
(SEM)

(Figure 9.2). The SSEs showed a typical NASICON feature as cubic particles

with sides approximately 1-2 μm. Two distinct phases with different morphologies were
observed in the NLZSP0.3 sample, where the Na3La(PO4)2 impurity phase was buried in
the middle of the La-doped NASICON cubes.
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Figure 9.2 SEM images of (a) Na3.25Zr2Si2.25P0.75O12, (b) Na3.3Sc0.3Zr1.7Si2PO12, (c)
Na3.3Bi0.3Zr1.7Si2PO12, (d) Na3.25Zr2Si2.25P0.75O12, (e) Na3.3Zn0.3Zr1.7Si2PO12, and (f)
Na3.3La0.3Zr1.7Si2PO12
Ionic conductivity of the NASICON based SSEs
The ionic conductivities of the NASICON SSEs were measured by electrochemical
impedance spectroscopy (EIS). Au thin films were deposited on both sides of the SSE
pellets by sputtering as the blocking electrodes. Figure 9.3 compares the temperature
dependent ionic conductivities of NASICON SSEs from 25 to 100 oC. All SSEs exhibited
Arrhenius behaviors over the temperature range, based on the good linear fit between the
logarithmic ionic conductivities and the reciprocal of temperatures. Generally, all
NASICON SSEs show high ionic conductivities above 10-3 S/cm at room temperature
except for the original NASICON Si2P1 SSE.
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Figure 9.3 Arrhenius plots of NASICON based solid- state electrolytes of
Na3.3La0.3Zr1.7Si2PO12, Na3.3Sc0.3Zr1.7Si2PO12, Na3.3Bi0.3Zr1.7Si2PO12,
Na3.3Zn0.3Zr1.7Si2PO12, and Na3.25Zr2Si2.25P0.75O12 between 25 and 100 oC
Application in solid-state sodium ion batteries
All the NASICON SSEs discussed above exhibit good ionic conductivities. In order to
compare the feasibility of NASICON SSEs for application in solid state sodium ion
batteries, NaCrO2/SSE/Na solid state batteries were assembled for testing. NaCrO2 has
been investigated as one of the most promising cathodes for sodium ion batteries. Herein
NaCrO2 was successfully synthesized (XRD pattern shown in Figure S9.1) and a
NaCrO2/SSE/Na solid state battery was constructed using metallic Na as anode,
NASICON as SSE, and NaCrO2 as composite cathode. As there was poor contact
between the electrode materials and SSE, a drop of liquid electrolyte was placed between
the electrode materials and SSE. Meanwhile a LE based battery NaCrO2/LE/Na and was
also constructed for comparison.
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The cycling performance of the NASICON SSEs are displayed in Figure 9.4. The
charge/discharge

curves

of the

batteries

were

tested

at

room

temperature.

NaCrO2/Si2P1/Na delivered a reversible capacity of over 74 mAhg−1 at a cycling rate of 1
C after 280 cycles, and NaCrO2/Si2.25P0.75/Na has a capacity of 80 mAhg−1 at a cycling
rate of 1 C after 250 cycles, which is better than NaCrO2/Si2P1/Na does. With a cycling
rate of 0.5 C, the reversible capacity of NaCrO2/NLZSP/Na was maintained at 92
mAhg−1 for 270 cycles, which is comparable to that of NaCrO2/LE/Na battery. At the
current rate of 1 C, the NaCrO2/NSZSP/Na battery delivered high capacities of 95
mAhg−1. NaCrO2/NZZSP/Na battery can work well at 0.5 C and 1 C with capacity of
over 90 mAhg−1. However, all the NASICON SSE based batteries did not work at a high
cycling rate of 3 C, that the capacities dropped obviously, especially for the
NaCrO2/NZZSP/Na battery. When the current was returned back to 1 C, the original
capacity was not recovered for the NaCrO2/NZZSP/Na battery. This is because Zn might
react with Na metal to form alloy during the charge/discharge process.
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Figure 9.4 Specific charge/discharge capacity and Coulombic efficiency of
NASICON SSEs based solid-state sodium ion batteries
For the NBZSP based battery, Bi can react with Na metal quickly, so NBZSP can not be
directly used as a SSE in battery. To address the problem, a PVdF-HFP based gel
polymer electrolyte layer was placed between the electrode materials and SSE as shown
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in Figure 9.5a (denoted as NaCrO2/Gel/SSE/Gel/Na). A gel polymer electrolyte based
battery NaCrO2/Gel/Na were also constructed for comparison.
The charge/discharge curves of the three batteries, tested at room temperature, are
displayed in Figure 9.4b-d. NaCrO2/Gel/SSE/Gel/Na delivered a reversible capacity of
over 100 mAhg−1 at a cycling rate of 0.1 C after 8 cycles, and 99 mAhg−1 at a cycling rate
of 0.5 C after 20 cycles, which is comparable to that of NaCrO2/LE/Na battery. With a
cycling rate of 1 C, the reversible capacity of NaCrO2/Gel/SSE/Gel/Na was maintained at
80 mAhg−1 for 160 cycles. At the same current rate, the NaCrO2/LE/Na and
NaCrO2/Gel/Na batteries delivered higher capacities of 95 mAhg−1 and 91 mAhg−1.
NaCrO2/Gel/SSE/Gel/Na did not work at a high cycling rate of 3 C due to the interface
resistance and relatively slow ion transport through the solid electrolyte at high rate,
hence, the reversible capacity was only 10 mAhg−1. However, when the current was
returned back to 1 C, the original capacity was recovered.
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Figure 9.5(a) Schematic representation of assembled batteries. Specific
charge/discharge capacity and coulombic efficiency of (b) Gel polymer electrolyte
based cell and (c) Sandwich SSE (NBZSP0.3 and gel polymer electrolyte) based cell.

9.4 Conclusion
The ionic conductivity of NASICON SSE can be improve to 10-3 S/cm by La, Sc, Bi, Zn
doping or altering Si/P ratio. In order to compare the feasibility of NASICON SSEs for
application in solid state sodium ion batteries and study the cycling performance of
NASICON SSEs based batteries, full batteries NaCrO2/SSE/Na were assembled for
testing with NaCrO2 as the cathodes. All NaCrO2/SSE/Na batteries delivered a relatively
good reversible capacity at low currents, but they can not maintain high capacity at high
current over 3 C. Zn and Bi can react with Na metal, leading to a lower capacity. To
apply a hybrid solid-state electrolyte consisted of NASICON and a PVdF-HFP based gel
polymer electrolyte can effectively prevent the reaction and maintain the high capacity
during charge/discharge process.
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Chapter 10

10 Conclusion and future perspectives
This chapter summarize conclusions and contributions of this thesis, and personal
statement and suggestions for future work are presented.

10.1 Conclusion
Solid-state electrolytes (SSEs) have attracted considerable attentions as an alternative for
liquid electrolytes in sodium batteries to improve safety and durability. Among all SSEs,
NASICON type SSEs, typically Na3Zr2Si2PO12, have shown great promise due to their
high ionic conductivity and low thermal expansivity. Constant efforts have been
dedicated to further improve its ionic conductivity for feasible electrochemical
performance. This thesis work is mainly focused on the ionic conductivity improvement
and mechanism investigation. Here, substitution of La, Sc, Bi, Zn, as well as altering Si/P
in NASICON structure are proven could increase the ionic conductivity to 10-3 S/cm. Zn
substituted and Si/P changed NASICON electrolytes show the optimal ionic conductivity.
In addition, the detailed mechanisms are revealed by studying electronic and local
structure of elements and Na+ transport in the structure.
A series of Na3+xLaxZr2-xSi2PO12 (0≤x≤0.5) SSEs are prepared to disclose the effects of
La doping concentration. La3+ ions exist in forms of phosphate impurities such as
Na3La(PO4)2 instead of occupying the Zr4+ site in the NASICON structure. As a result,
the increased Si/P ratio in the NASICON phase, accompanied by an increase in sodium
ion occupancy, makes a major contribution to the enhancement of ionic conductivity. The
spin-lattice relaxation time study confirms the accelerated Na+ motions in the altered
NASICON phase.
Furthermore, the mechanism of the ionic conductivity enhancement by Sc doping in
NASICON was revealed. Sc has been successfully doped into NASICON to substitute Zr.
The distribution of sodium ions at different sites is directly responsible for the changes in
ionic motion. The acceleration of sodium ion movement is attributed to the increase of
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sodium ion concentration at the Na2 sites and the decrease of concentration at the Na1 &
Na3 sites in samples with x ≤0.3. For x > 0.3, the motion becomes sluggish because of the
dramatic change in the distribution of sodium ions, which is caused by a phase change
from monoclinic phase to rhombohedral phase.
Bi was firstly found as a novel doping element in the NASICON structure, which
elevated the ionic conductivity of a NIB to several mS/cm. The NASICON SSEs were
found to consist of mainly a Na-rich NASICON phase and a Na3Bi(PO4)2 impurity phase.
With an increasing Bi content, the the lattice parameters of NASICON phase changed.
The altered Si/P ratio makes a major contribution to the enhancement of ionic
conductivity.

The

doped

“Na3.3Zr1.7Bi0.3Si2PO12”

based

solid-state

battery

(NaCrO2/Gel/SSE/Gel/Na) achieved a relatively good reversible capacity of 80 mAhg−1
after 160 cycles at a cycling rate of 1 C.
A relatively cheap heteroatoms, Zn was applied as a valid substitution element which
could push the ionic conductivity of NASICON to 10-3 S/cm. The “Zn-doped”
NASICON SSEs are found to consist of mainly a Na-rich NASICON phase and a
Na9Zn3(PO4)5 phase. The resulted Na9Zn3(PO4)5 content increased along with the
increasing Zn content, which meanwhile altering Si/P ratio in the NASICON phase. The
31

P and 29Si MAS NMR spectra reveal a Si/P ratio to be greater than 2 in the NASICON

phase. The charge unbalance leads to an increase in Na+ occupancy. The measurements
of spin-lattice relaxation time confirm the accelerated Na+ ionic motions in the Na-rich
NASICON phase rather than the sluggish Na9Zn3(PO4)5 phase, verifying an optimal x of
0.3 and 0.4.
Based on the results of the previous four chapters, it confirmed that an increased Si/P
ratio and enhanced Na+ occupancy for NASICON SSEs can lead to improved ionic
conductivities. A series of NASICON electrolytes with different Si/P ratio was prepared
and compared. The ionic conductivities, structure and mechanism were thoroughly
studied. For Na1+xZr2SixP3-xO12 (where 2 ≤ x ≤ 2.9) SSEs, the x value of 2.25 and 3 yield
an optimal ionic conductivity. With the increasing Si/P ratio, the lattice parameters of
NASICON phase changes, accompanied by an increase in Na+ occupancy based on the
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charge unbalance. The measurements of spin-lattice relaxation time confirm the
accelerated Na+ ionic motions in the Na-rich NASICON phase rather than the sluggish
original NASIOCN phase. Despite the efforts of elements doping into the NASICON
structure for improving ionic conductivity, direct alteration of Si/P ratio in the NASICON
structure can be a promising and efficient strategy for developing advanced NASICON
SSEs without ionic sluggish impurities. This provides new opportunities for highperformance SSEs for solid-state sodium batteries.
In order to compare the feasibility of NASICON SSEs for application in solid state
sodium ion batteries and study the cycling performance of NASICON SSEs based
batteries, full batteries NaCrO2/SSE/Na were assembled for testing with NaCrO2 as the
cathodes. All NaCrO2/SSE/Na batteries delivered a relatively good reversible capacity at
low current below 3 C. Zn and Bi can react with Na metal, leading to a lower capacity.
To apply a hybrid solid-state electrolyte consisted of NASICON and a PVdF-HFP based
gel polymer electrolyte can effectively prevent the reaction and maintain the high
capacity during charge/discharge process.

10.2 Perspectives
Although people have developed so many types of solid-state electrolytes for sodium ion
battery, and there has been some progress related to the development of solid-state
electrolytes, no electrolyte could exhibit good overall properties that there are still
significant challenges to be overcome, particularly for the interphase contact between
electrolyte and electrode and dendrite formation. Herein, we propose potential directions
and perspectives for this field.
Hybrid electrolyte with sandwich structure
Since high interface resistance is the major obstacle of NASICON electrolyte, it is worth
thinking of making a sandwich electrolyte, which means making polymer electrolyte film
on the surface of NASICON tablets to solve the problem (Figure 10.1).
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Figure 10.1 Sandwich hybrid electrolyte [1]
Hybrid electrolyte of NASIOCN and sulfide-based solid-state electrolytes
NASICON has a high ionic conductivity but a high interface impedance. Sulfide-based
solid-state electrolytes which have low-temperature synthesis process, relatively high
room temperature ionic conductivity, low grain boundary resistance, as well as good
contact with electrode. Therefore, combining these two types of electrolytes is a
promising way to improve the overall performance of solid- state electrolyte.
Coating film onto NASICON surface
To decrease to resistance between NASICON SSEs and electrode, and suppress dendrite
formation, coating film onto NASICON surface might be an effective approach based on
the experience in LIBs study. Both atomic layer deposition (ALD) and molecular layer
deposition (MLD) could coat protective layers to effectively suppress dendrite formation
and improve cycle life in battery application.
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